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PREFACE 



THE following work on Chemical Statics reproduces the 
lectures given by me in the winter and summer semesters, 
1897-98, at the University of Berlin, under the title 
' Selected Chapters in Physical Chemistry.' It is a second 
part to the c Chemical Dynamics/ but at the same time is 
as far independent as possible, and deals with the methods 
which yield conclusions as to molecular magnitude, struc- 
ture, and grouping, and consequently bring into life our 
present conceptions on the structure of matter. The theory 
of solutions and stereochemistry are treated especially fully, 
in accordance with the present interest attaching to them. 
That Part I of the c Lectures on Theoretical and Physical 
Chemistry ' has already been translated into French and 
English may perhaps be regarded as a recommendation 
of the present Second Part. 

J. H. VAN 'T HOFF. 

CHAPLOTTENBURQ, 
March, 1899. 
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THE DIVISION OF THE WORK AND 
THE TREATMENT CHOSEN 



IN the inevitably arbitrary division of any subject it is 
well to choose so that it may easily be seen where each part 
belongs. For this reason the treatment adopted by Lothar 
Meyer in the later editions of his Modern Theories of Chemistry 
soemed to me appropriate for my lectures: in it the whole 
is divided into Statics and Dynamics. Statics then deals with 
single substances, i.e. with views on the structure of matter, 
the conception of atoms and molecules, and on constitution so 
far as the determining of molecular configuration. Dynamics 
in devoted to the mutual actions of several substances, i. e. to 
chemical change, affinity, velocity of reaction, and chemical 
equilibrium. 

To those I have added a third section, in which the chief 
object is the comparison of one substance with another, and 
consequently the relations between properties both chemical 
and physical -and composition. 

In preparing for the press I have preserved this arrange- 
ment, only making a change in the order in accordance with 
the development of chemical science in the last ten years. 
Until then Dynamics, that is the study of reactions and of 
equilibrium, took a secondary place. But lately, and espe- 
cially since the study of chemical equilibrium has been related 
to thermo-dynamies, and so has steadily gained a broader and 
safer foundation, it has come into the foreground of the 
chemical system, and seems more and more to belong there. 



10 



DIVISION OF THE ll'OKK 



The following arrangement is thtnvfotv t'lit^n as an n\i*ri< 

ment : 

First Part: Ohominil PynanuV*. 
Second Part: Chominil Hi at Irs. 

Third Part, : Koktioiw h'tw*in !*r*p*'rti':. and <'i*n. 
stitution. 

The logical advantage #ain'd in this way i* ^*-ntiaHv that 
in the First Part it is poswhlo to pror^-d \\ith<*nt any inj 
thesis on the nature of matter, only th<* imdfrular i*nii''|tiii 
being made tiso of, Not till flu* Swottd Part d**" ih" ni"iitt*' 
hypothesis conio to iho front* nntl with It jrl*l'in't *t *'*- 
figuration. Finally t*oin*H tho still v*ry ol-u*ur<' j*r*l*I*'ii! *.f 
the relation of ouo body to unothrr. 

There are two point*, how*vn\ that sh*ti!l l* r^inriinl <,i. 
From tlie logical nid it may JH <*hJ4*rl**I that M *!?*, i- - s *n, 
cornod with the simplor prohl<*!n t winn* it ili'iil-* with -siii^l*' 
suhstuncos at rant, wlwrons DynaituVs l**a|n w.ifii a rni||^% M|* 
subatuncos in action. This ohjH'ti*ii, li*tt^-*'i\ hiis l-' jiiT 
when ono romomlKU'H that t-ho niu^lp nnh^taitrit r.-M-i-n^vj..*!!.!-, t>* 
the state of equilibrium following a rfttitpl^tmi ruario^t attil 
indeed the nimplost form of tMinilihritmt an*t ar*-MrJin^l% 
Part II is dovototl to (In* mtv tt^tait'i Mtuly M!" thi-i lni;il 
stato. 

From tho pacnla^ogie point of viw, |t|i*riiin Iiyii^iiiif-i iir-ii 
can be dubioun only to th*s c'Iu*iiiit.H wh* r* ii*4 wJI |*r*i 
pared in PhywirH, and consiitpictitly huv* nt uurttpry *vr ttt* 
chief lirws of tlwir own Hubjrii, 

The treatment chowm <.'om*Hj*nil?* willt (hat 1 hvi* lii!*4%-i| 
in teaching* It iHWHwtH t*HnJiIly in ilY*'lM|iiii f^-k K**tM*nii' 
nation from a Hj^ttiully eho*ti rttttrr^tt* i^|**"riiii*'jitI r*i.-, f in 
this follow an exhibition- an far m piivuitlt* trraj*h$' if fin* 
leading results, the connliiHioiiH drawn, ninL JjiHtly, f.|iirt4iritl 
remarks on tho gouoriJUy nml i-ippllt'iiiiitily nf Hit" rnurin^}Miii, 



PANT II 
CHEMICAL STATICS 



CuitttnttH tnnl amtHyt'invnt. As explained in the intro- 
duction, chemical si a tics treats a single substance as a> ca.se 
of et|uililrium of the simplest kind, occurring CHI eomplet ion 
of a rear! ion. It is, in tin* first Instance, defined hy its 
qualitative and quantitative composition. Hut an, For the 
sain** composition, it is possible to have diil'erent states 
!' iMjuilihritun, **. ^ polyuH*rism and isonurism, n closer 
characti'Ttxatittn is ni'ri'ssary. Tin* external tVaturtns, a.par( 
t'roiu hypotltfsis, whfthfr physical, such as heal- of forma- 
tion, density, optical niution. crystallint^ form, and H<^ <J'n 
or chemical, as atflnity. Vf*lncity c>l* nat?tion, anl < on, havt 
not up tu th* prcHfiif. ai}ur<icd nny mciuin <if pi'tnltetin^ 
tin* rniiditiojis of such polymcrism or Lsoin(*ri.sm. The cant* 
is dif!cr*ni' it" iiHilrctilitr and atomistic theory l*e taken as 
the starting 'pitint. Wi* must thenftrc treat chemical 
.>dnlit'H in fJiin sense loo, i.e. w*.* uuwt <lt*velop the vie.w.H 
as to the interim! .structure of* mattt*r, after saying a word 
t*ii flu* iaM* f the molecular and atomistic; tn^atnu^nfc. 

Tin* titninn* /i////n/Arw/X it is well known, is an aU*mpt 
at explaining the peculiar ri*tation.shtps ohni^rved in tlu^ 
quantitative compoHitioit of compounds 1 . Three funda- 
mental IUWH have prove*! to lie strictly true; 

I. The luw of constant composition, which amounts to 
>ayifij4; thut a compound, howevt*r prepurtul, hiw al \vnyn 
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the same composition, e.g. silver chloride always contains 
75-26 VAg. 

2. The law of multiple proportions, according to which 
two elements that come together in several compounds 
occur in the same ratio, or in ratios that aro related by 
means of whole numbers ; e. g. compare 

Silver chloride (with 34-74 % 01 and 75-26 / } Ag) and 
Silver chlorate (with 18-54 % 01 and 56*40 / o Ag) ; 
the ratio of chlorine to silver is the same in the two, 
viz.: 

34-74: 75-26=0-329 and 1 8-54 : 56-40= 0*329. 
On the other hand, compare 

Chlorine iodide (21-84% 01 and 78-16 % iodine) and 
Chlorine tri-iodide (8-52 % 01 and 91-48 % iodine) ; 
the two ratios of chlorine to iodine are in a whole number 
proportion, for 

21-84: 78-16=0-279 and 8-52 : 91-48 = 0-093 = 5 x 0*279, 

3. The law of equivalents, which expresses that two 
elements combine with equal quantities of a third, in 
a ratio equal to that in which they combine with one 
another, or in a ratio related to the latter by a whole 
number. If, e. g., wo compare 

Silver chloride (24-74% Cl and 75-36 % Ag) f 
Silver iodide (54-04 % 1 and 45-96 e / o AJJ), with 
Chlorine iodide (ai -84% 01 and 78-16 % I), 
the ratio of the amounts of the elements combined with 
equal amounts say 75- a6 parts of silver in: 



24-74: 54-04 xZ| = 



279, 



i.e. the same as in the direct combination of dtlorine 
and iodine. 

If we had chosen chlorine tri-iodide (with ratio 0*093) 
as instance, then obviously the integral ratio 3 : i would 
have been found. 
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These three fundamental laws are explained on the 
atomistic hypothesis. Assuming that the elements chlorine, 
silver, and iodine occur in discrete particles of fixed mass 
atoms (chlorine = 01 = 35-5, silver = Ag= 108, iodine = I 
= 137) we have : 

1. In the symbol AgCl for the particles of which silver 
chloride consists, the expression for its constant composition. 

2. In the symbol AgC10 3 for silver chlorate the expression 
that here chlorine and silver combine in the same pro- 
portion as in silver chloride ; whilst the formulae IC1 and 
IClo or generally I m Cl M and 1,01^ refer directly to the in- 
tegral relation between the proportions in which iodine 
and chlorine occur in the later example: 

ml pi on p 

- : -- = :*- = rag : np. 

nGl qCl n q * ^ 

3. The constant or multiple ratio of combination between 
chlorine and iodine indirectly (combined with equal 
amounts of silver) and directly is equally expressed by 
the three general symbols 

AgpCl,, Ag r l s , I m Cl M , 

since the ratios of the halogens combined with the same 
amount of silver and the direct ratio of combination are 

given by 

gOl m si _ grCl and n 01 

p Ag " r Ag "~ psl ml J 
whilst 

grCl TiCl 

i =- : - = arm : psn. 
psl ml * 

It may be added that the assumption of the invariability 
of these atoms in quantity and quality is a simple expres- 
sion of the empirical law of the conservation of mass and 
of the invariability of the elements. 

The molecular hypothesis is a direct consequence of the 
assumption of atoms, and so rests also on a chemical basis. 
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It is very important, however, that it was developed inde- 
pendently in the region of physics, and that the relations 
between molecular weights so formed could be brought into 
perfect harmony with those obtained on chemical grounds. 
Starting from these hypotheses on the nature oi* matter, 
and bearing in view the aim of explaining differences of 
properties when the qualitative and quantitative compo- 
sition is the same, we have first to consider molecular 
weight, and the special kind of isomerism that is referred 
to differences of molecular weight, i. e. polymerism. Next 
comes the internal structure of the molecule, with the 
differences so arising, and associated with the phenomenon 
of isomerism in the narrower sense. Finally comes the 
arrangement of molecules to form crystalline figures whose 
differences constitute the phenomenon of polymorphism or 
physical isomerism. Accordingly tho following division 
is adopted: 

I. Molecular weight and polymerism. 
II. Molecular structure and isomerism. 
III. Molecular grouping and polymorphism. 



I. MOLECULAR WEIGHT AND 
POLYMERISM 

AB mentioned above, the molecular hypothesis rents upon 
a basis both chemical and physical. Accordingly the 
methods for the determination of molecular weight belong 
partly to chemistry, partly to physics. 

Molecular 'tmtjltt <lclrnniinttnin$ fit/ cht',wh'*tl im-t/twin 
start from the atomistic hypothesis, according to which thf 
molecule is built up of atoms ; e.g. if a compound contain 
/>,</, and r per cent, of carbon (('=pjt) 9 hydrogen (II i K 
and oxygen (()-.- i 6) respectively, the, ratio of the number 
of atoms </, /;, and c is given by 

1* *'* 

JS 7 ' t fl 9 

in which */, b, and /* must be wliole nuinbern. This does 
not, however, allow of lixing (t, A, and r, for if the lenst. 
integral relation ban been calculated all the formulae 

(U,H ( ,C) ( ,) B! 

in which n is unity, or some other integer, would Hiitisfy 
the conditions. 

To (hitermine n therefore requires a second criterion* 
which in the region of chemistry mostly lead.s with nuf- 
ficient probability to a decision, but so far not with aksolute 
certainty. It is supplied by the chemical behaviour- com- 
bination and reaction- -which renders certain molecular 

weights probable. Thus taking acetic acid 

(CH/)} n , 

and remembering that it arises by oxidation of alcohol, for 
which the simplest possible formula in C a U O, and fonnn 
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a silver salt C 2 H 3 Ag0 2 containing at least two carbon 
atoms in the molecule, n = i for acetic acid is practically 
excluded, and 71=2 rendered very probable. 

These chemical methods, though mostly sufficient in 
practice, are exposed to the logical objection that they 
depend on products of reaction, and that during the reaction 
a total transformation of the molecular complex might 
occur; e.g. the formation of acetic acid might be 

aH G + aO = 3CKP + H 2 O, 

and on the other hand can at most only give a probable 
minimum size for the molecule; it is therefore fortunate 
that the physical methods are suitable for directly tenting 
the molecular weight of the bodies in question. 

In the following collection of physical method for 
determination of molecular weiyfo, a selection haw been 
made in accordance with the plan of the work. On the 
one hand are the methods based on Avogadro's law, and 
applicable to gases and solutions; on the other are methods 
applicable to liquids, of which that of Eotvcis, Ramsay, and 
Shields, based on the change of surface tension with tem- 
perature, is an example; on account of the empirical 
character of the latter they will be found in Part III, 
which is concerned with the relations between properties 
(e. g. capillary constant) and composition (and therefore 
molecular weight). We shall therefore confine ourselves 
here to: 

i. Molecular weight determination in dilute gases. 

2. , 9 HolutioUH. 

3- solid solutions. 

i. MOLECULAE WEIGHT DKTEIIMINATION IN DILUTE 

GAHKS. 

A. Avogadro's Law. 

It is well known that the law on which the determination 
of molecular weights in gases is based, as stated by A vogue I ro, 
is to the effect that equal volumes of dilute gases, incasum! 



MOLECULAR WEIGHT AND POLYMERISM 17 

under the same temperature and pressure, contain equal 
numbers of molecules, and therefore the molecular weights 
of the gases are in proportion to the weights of those 
volumes. 

The law in question, which, when first stated, was a happy 
combination of known facts, received confirmation in that 
it allowed of predicting new ones, such as the dissociation 
of ammonium chloride on volatilization. But it may also 
be deduced from the kinetic theory. As we shall bring 
forward the confirmations of the law later, under the head 
of 'results/ we will here begin with its theoretical 
deduction. 

The kinetic theory of gases, treating gases as consisting 
of small, perfectly elastic spheres, involves Avogadro's law 
as the limiting case of extreme dilution. When the 
dilution is sufficiently great, the attractions between the 
molecules cease to be of account, and the volume of 
the molecules may be neglected in comparison with the 
total volume occupied by the gas. The deduction of 
Avogadro's law from the kinetic theory in the general 
case is complicated, and for the purpose of this work it 
is sufficient to follow it out under special simplifying 
circumstances. 

In the first place, for simplicity it may be assumed that 
the velocity of all the molecules is the same, viz. G metres 
per second. Secondly, that the 
movement inside the cubical 
vessel of V cub. metres ca- 
pacity (Fig. i) that we shall 
consider, is so distributed that 
the molecules move only at 
right angles to the bounding 
planes, and equally so, there 
being always one-sixth of the 
N molecules moving forwards, 

backwards, right, left, up, or down, Hence there strike 
unit surface (one sq. metre) in unit time (one second), one- 

B 
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sixth of the molecules contained in a parallelepiped at 
right angles to the surface, and C metres long ; i. e. 

NO 

6V' 

They are repelled with equal velocity; so that the whole 
have in the second suffered a change of velocity of 2(7 
metres per second. The force needed for that (P kilo- 
grams pressure per sq. metre) may, according to the law 

force = mass x acceleration, 
be calculated as 



or PV= 
6V $V 

where M is the mass of a molecule. 

For two gases at the same temperature and pressure we 
have consequently : 

(,) N^C* = N,M Z C*. 

The third condition, equality of temperature, includes, 
however, a further relation, for it may be shown that 
equality of temperature corresponds to equality of mean 
kinetic energy of the molecules, or 



from which by combination with (i) we get 

N, = N 2 , 

that is an equal number of molecules for equal volume, 
pressure, and temperature. 

Before we describe the methods in which Avogadro's law 
may be applied, we may conveniently put it in a single 
mathematical form which expresses also the laws of Boyle 
and Gay-Lussac. It is well known that the last two may 
be represented by 



If the molecular quantity of different gases be taken, then 
according to Avogadro's law, as just stated, for equal 
pressure (P) and temperature (2 1 ), the volumes (V) will 
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also be equal, which amounts to saying that R referred to 
the molecular quantity has the same value for all gases. 

Taking a kilograms of hydrogen as basis for calculating 
this value of R, we have for atmospheric pressure and 
oC. 

P = 10333 kg/sq. m. T = 273 F = cub. m. , 



since one litre of hydrogen at o and atmospheric pressure 
weighs 0-08956 gm. Therefore 

E = 845.3. 

Since this number happens to be approximately twice 
the value of the calorie in kilogrammetres (-7- = 423) .the 

expression for the laws of Boyle, Gay-Lussae, and Avogadro 
simplifies, approximately, to ! .- 



B. Methods for Molecular Weight Determination in 

Gases. 

i. Ordinary Process. 

The application of Avogadro's law, formerly the only 
means of determining molecular weights, has, since the 
introduction of the simple methods based on the theory 
of solutions, been practically confined to Victor Meyer's 
process 1 . 

As in all such methods, the procedure consists essentially 
in measuring the volume (V) of a known weight ((?) as gas 
or vapour under a definite pressure (P) and temperature 
(T). An equal volume of hydrogen would, under these 
circumstances, weigh 

272 PV 

0-08956 PVx -fj? = 24-45 -y- 

if weight, volume ; pressure, and temperature are given in 

1 Berl. Ber. 30. 1926. 
B 2, 
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grams, litres, atmospheres, and in absolute centigrade 
measure respectively. Since under the specified circum- 
stances there is, according to Avogadro, proportionality 

between total weight and molecular 

weight, we get : 

PV 



Fig. 2. 



where M is the desired molecular weight, 
and 2 that of hydrogen (see p. 24). 

In "Victor Meyer's method a cylindrical 
vessel 6 (Fig. 2) of about 200 c.c. capacity, 
ending in a long neck with a side tube af, 
is filled with air or nitrogen, and brought 
to a convenient constant temperature. If 
now the weighed quantity of substance 
be introduced into the cylinder by means 
of the dropping arrangement d, the vapour 
produced expels an equal volume of air 
which passes through the side tube af 
and is collected in the graduated tube g 
over water. 

The great advantage of this process is 
that it allows of the evaporation being 
performed at a very high temperature, 
which need not be exactly determined. 
Ignorance of this temperature has no in- 
fluence on the result, as it is the tempera- 
ture of the graduated tube, not that of 
the cylinder, that is needed to calculate 
the molecular weight. 



2. Determination of Vapour Density by means of the 
Second Law of Therwio-dynamics. 

We will mention here a second method which, though, 
so far, of no consequence in the practical measurement 
of molecular weights of gases and vapours, may be of 
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interest at the present time in its special application to 
solutions. 

The method is based on the application of the second 
law, which, as applied to the process of evaporation, was 
given (Part I, p. 19) as 

- 



where A is the thermal equivalent of work = ;i J B , V the 
increase in volume on evaporation, in cxxb. metres, of 
a qxiantity (say I kilogram) that absorbs q calories, P the 
pressure of the saturated vapour in kilograms per sq. metre. 
A vapour density and therefore a molecular weight 
determination may be obtained from this equation, since 
the volume of the vapoxir itself may be taken as F"when 
the dilution of the saturated vapour is sufficiently great., 
so that the measurement of volxime is based upon that of 
the change of vapour pressure with temperature, and the 
latent heat of evaporation. Taking water as an example, 
with the data : 

P 10 = 9-14 mm., P,, = 17-363, <7 W = 5840*1., 
we get, without integration, using the formula 



_ __ 

~" 288V8-aaxl6lclL "~ 77 ' 



"" ATAP 

where 13*6 is the density of mercury. Now 77 cub. metres 
of hydrogen at 13-2515 mm. and 15 weigh 

o * 13-3515 273 

77 x 0-08956 x ~- J x = o-i 14 % 



So that the molecular weight of water vapoxir according to 
Avogaclro is 

Jf : 2 = X : 0-114. 

JT= 17-6, 

which is close to the known value H 2 O = 18. 

In the same way the observations for acetic acid show 
an abnormal molecular weight. We may perform the 
calculation in a simpler way by using, instead of the 
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kilogram as before, the molecular weight M as obtained 
from the vapour density. Then 

A-rr-n m - . dP MqdT .- 2 T 2 dP 

AVP = zT, so that - = -r or IT = - . 



Introducing the values 

P 10 = 6-6 mm. 3 P 20 = Ti-6 mm., q = 85 cal., 

we have 

2X288 2 x<5 

jf = r - = 107 

85 x9-i xio 

instead of 60 (= C 2 H 4 2 ), in accordance with the conclusion 
from direct vapour density measurements, that saturated 
vapour of acetic acid has a nearly double molecular weight, 
and consists mainly of double molecules. 

C. Besults. 

i. Connexion with the Atomistic Hypothesis. 

The fundamental scientific interest of the results 
obtained by application of Avogadro's law lies in the 
complete connexion that can be established between the 
chemically determined atomic weights and the molecular 
weights arrived at physically. 

The necessary conclusion from atomistic reasoning, that 
in reactions the molecules concerned must be in whole 
number relationship, as e. g. when methane (CH 4 ) is burnt 
in nitrous oxide (N 2 O) 



agrees with Gay-Lussac's law that in reactions the volumes 
of gases concerned are in such a relationship. According 
to Avogadro the ratios in question may be read off the 
equation directly, in the form of the coefficients occurring 
in it, as each molecular symbol corresponds to the same 
volume, so that 

Vol. CH 4 : Vol. N 2 : Vol. C0 2 : Vol. H 8 : Vol. N 

= 1:4:1:2:4. 
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This relation occurs most simply in the case of the 
elements. The ratio of their molecular weights, i. e. of 
their gas densities, must either be the same as that of their 
atomic weights, or, if the molecules are built up out of 
different numbers of atoms, be in integral relation to those- 
Kxact proof of this is rendered difficult by the fact that 
Avogadro's law is only exactly true for infinite dilution. 
A recent extrapolation l in that direction leads to the 
conclusion that the densities of hydrogen, nitrogen, and 
oxygen on infinite dilution are in the ratio 

1-0074 : 14-007 : 16, 

whilst Ostwald gives for the atomic weights : 
1-0032 : 14-041 : 16. 

2. Confirmation and Testing of Atomic "Weights. 

The determination of atomic weights by purely chemical 
means is attended with an uncertainty, which may be 
noticed in the history of the atomic weights, and may 
be illustrated in the following way. Choosing as unity 
H = I, or rather O = 16 as better suited for analytical 
purposes, the analysis of e.g. beryllium oxide with 36-3 
per cent, beryllium is not conclusive as to the atomic 
weight of beryllium, but leaves it dependent on the formula 
of the oxide. If it is regarded as BeO we get 
Be : = 36-3 : 63-7 = x : 16 ; 
0=9-1; 

whilst if Be 2 3 is chosen and both formulae have had their 
supporters it follows that 

a Be : 30 = 36-3 : 63-7 = ix : 3X 16 ; 
x = | XQ-J. 

The decision here and in corresponding cases has in the end 
rested on determinations of molecular weight. The deter- 
mination is not possible for the oxide on account of its 

1 B. Berthelot, Compt. Rend. 126. 954. 
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non-volatility, but can be made with the chloride. The 
molecular weight of the latter, according to the ivspeetive 
assumptions, would be 

M M i 2 = 9-1 + 71 = 80-1, Jl/iton, = -I x 9-1 + 106-5 = 1 20. 

The former number was found by Nilson and PetfcerHon l 
and the atomic weight 9-1 HO finally nettled, The only 
change possible would be a halving, <., of thin atomic 
weight, so that the method given a maximum value, below 
which there is neither chemical nor physical reason for 
o'oing, and which has, moreover, received confirmation in 
another way (p. 26). 



3. Nature oftheJKlenientdTy JUW^n///'*, ttittl J 

Polyatomicity. Uydrwjen-, (hie of the ltading remilts 
of molecular ntudy of the, elements in the fact that their 
molecules usually eonmnt of more* than out* atom. ThuN, 
the two facts that prove thin for hydrogen are: 

The density of hydrochloric acid IB 18*25 referred to 
hydrogen, and it contains 274 per cent, of hydrogen. 

Since the densities, according to Avogatln 'H law, are in 
the ratio of the molecular weights, we conclude from these 
data that the ratio between the amount** of hydrogen 
present in the hydrogen and hydrochloric acid moleeulen is 

i :i8.ar >x ?#* = a:i. 

a 100 

Thus there is twice an much hydrogen hi a hydrogen 
molecule as in one of hydrochloric add, and m the latter 
cannot contain less than one atom of hydrogen, there must 
be at least two in the hydrogen molecule. Such reiwofting 
has in no case, so far, led to the neetsHHity of ONHU suing more 
than two atoms in the hydrogen ittoleeule, HO it may be 
regarded as diatomic, with the* Hymbil ff y For tltiit renwui 
hydrogen, with If = a, in usually dtoHitu m unit ft>r tnoltxmlnr 
weight determinations. 



and 



15, 
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Most of the elements studied are, like hydrogen, diatomic; 
only a few have more atoms, as phosphorus P 4 , arsenic As 4 , 
sulphur S 8 . 

Monatomic element*. Mercury. Especially interesting 
are the cases in which the elementary molecule is, according 
to the above reasoning, to be regarded as monatomic. This 
was first shown to he probable for mercury; since then 
other metals (zinc, cadmium, potassium, sodium) have been 
studied in the state of vapour, and appear to behave 
similarly ; and the newly discovered elements, argon and 
helium, belong to the same category. Mercury, moreover, 
was the subject of an important experiment by Kundt and 
Warburg, which, by the aid of a deduction from the kinetic 
theory, confirms the conclusion of monatomicity. The 
experiment refers to the ratio between the specific heats 
at constant pressure and constant volume. The latter has 
obviously the smaller value, and in the case of monatomic 
gases represents the Increase in kinetic energy of the 
molecular movement ; in polyatomic gases it includes also 
an increase in the atomic movements, more difficult to 
calculate 1 ,. According to the previoxis equation 



the kinetic energy 

HO that its increase per degree is 

faPF, 

where a = 

S 7S 

If free expansion (at constant pressure) takes place, we 
arc, concerned with the specific heat at constant pressure, 
and additional heat is required to perform external work, 
which obvkmsly amounts, per degree, to 

aPV. 
The ratio of the two specific heats is therefore 

**PV+aPVi |aPF= 5 : 3 = 1-67, 
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whilst for polyatomic gases it is less, since tin* term ;] /* r 
will be greater on account of the kinetic energy of tin* 
atomic movements. It in well known that measurements 
of the velocity of sound gave the expected value 1*67 for 
mercury vapour, an<l lower values For polyatomic gases. 

As according to p. 24 the atomic* weights so far found 
are strictly to be regarded as maxima, we- have now an 
indication from thermal reasoning that, at least for 
mercury, the maximum has not been placed too high, 

AllotTOpy of the element**. Ozone ami a/////r//. A third 
important result of molecular* weight measurements of the 
elements has been to show, on grounds of the molecular 
atomistic hypothesis, the existence of the Maine element in 
different, so-called allotropie, forms. Oxygen and o/,one 
form the most striking example. Soret proved that o/oue, 
on. conversion into oxygen, increased in volume by ow-half, 
so that oxygen being diatomic, ozone is to be regarded an 
().>, the equation 

2<> 3 = 3<> 3 

indicating the increase in the number of molecules by one 
half, and according to Avogadm increase of volume in 
the same ratio. 

Dissociation of the, elcme-nfn at h.njlt tt'iitjH'ntiurt*, Tin* 
halogens. A V( i ry weleomct confirmation of the above vji\v,s 
on the polyatomicity of the elements IH given in the proof 
of the possibility of decomposing the mo moleettleK. Kven 
sulphur, which at low temperatures a.ppearn m S^MliowH an 
abnormal expansion up to 1,000", leading by tl*tt tii a 
density corresponding to S a . A furthi*r ntej* in this 
direction was aceompliBhed by Victor Meyer fur the 
halogens, since ho showed that iodine, which under 6ou" 
has a density corresponding to the diatomic molecule I, M 
becomes halved in density alxw* 1,400", witli foritutticiit *>f 
monatomic moleculoH or free nix HUH. 

It may bo added that in thin direction lien the jmAHthility, 
if any, of decomposing the eleimmtH tlieiiiBelve.H ; the tnotui- 
tomic molecule constitutcn the hint Httiiri* ttiwiirdn tht* 
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undecomposed fundamental material ; if the structure can 
be still further simplified, then a further decomposition is 
attainable. This is exactly the point of view adopted by 
Victor Meyer in his latest researches. In his Llibeck 
address on 'Problems of Atomistics ' (1896) he referred to 
this aim. After that, and until the end of his life, he 
occupied himself with experiments in this direction l , and 
had in view molecular weight determinations up to 2,000. 
The glass vessels had long been replaced by others of 
porcelain, and this material by platinum or the still more 
infusible alloy with 25 per cent, iridium. Finally vessels 
of magnesia were prepared, which, in a lime oven, stood the 
temperature of 2,000 obtained by burning graphite in 
oxygen. But no further decomposition than that into 
monatomic elements was reached in the case of any 
element. 

Polynieri&ni. The difference in molecular weight associ- 
ated in the elements with differences of properties occurs 
also, it is well known, in compounds of the same composi- 
tions, especially in organic chemistry, and is then called 
polymerism. Whole series of similarly composed bodies, 
such as 



are known, in which n varies from 2 to 30, accompanied by 
a corresponding change in vapour density and chemical 
behaviour, as e. g. in combination with bromines, the bodies 



of different composition, arise. 

2. MOLECULA.B WEIGHT DETEBMINATION INT DILUTE 
SOLUTIONS. 

Since the possibility of molecular weight determinations 
of gases and vapours was shown by Avogadro, the modern 
development of the theory of solutions rendered the same 

1 BerL Ber. 30. 1926. 
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thing possible for these latter substances. We will therefore 
next develop that theory, and then, in connexion with it, 
give the methods for determination of molecular weight, 
with their results and applications. 

A. The Theory of Dilute Solutions. 

Whilst for the determination of molecular weight in 
dilute gas Avogadro's law can be applied directly, for dilute 
solutions the most varied methods, based on measurements 
of freezing points, boiling points, and vapour pressures, are 
in use. All these methods, however, may be brought into 
connexion with, and regarded as deductions from a law 
exactly corresponding to that of Avogadro, but which refers 
to osmotic instead of gas pressure; the law states, in fact, that 
solutions that exert the same osmotic pressure at the same 
temperature contain equal numbers of dissolved molecules in 
unit volume. This law may be arrived at in various ways. 
We shall here start from the molecular properties of known 
gases, and follow the deduction through gaseous solutions. 

i. Henry's Law and the Constitution of the Dissolved Gas. 

Take any gas of known molecular constitution, e.g. 

nitrogen (N 2 ) and a liquid, water, in which it is capable of 
solution, and consider the question whether 
the dissolved nitrogen corresponds to the 
formula N 2 or possibly is present as N or 
N 4 or as a hydrate. We have then to con- 
sider the equilibrium that is set up when the 
water B (Fig. 3) is saturated with the nitrogen 
Fig. 3. A under the existing conditions of tempera- 
ture and pressure. Kinetically considered, 

this equilibrium, is based on the fact that, in unit time, as 

many gaseous molecules enter the solution B as leave the 

latter x . 

1 In the following considerations the vapour of the solvent, present 
in A, may be supposed absent, by covering B with a membrane permeable 
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But from this a conclusion may be drawn if the nitrogen 
present in B consist entirely of molecules N 2 , i. e. is of the 
same constitution IIH in the gas. For if the quantity per 
unit volume in A is doubled, that in B must be so too, for, 
with sufficient dilution, this change would double both the 
number of gaseous molecules passing from A into B and 
the number of dissolved molecules passing from B into A. 
So that in this case the concentration C in the solution is 
proportional to the pressure P of the gas 



a law that, under the name of Henry's law, is known to 
be applicable to the majority of gaseous solutions. 

Let us now suppose a different case : first, that nitrogen 
is present in water as N, not as N 2 ; then the law of absorp- 
tion becomes different also. In order to deduce this modified 
law, let xis assume that in the gas too a certain quantity, 
even though vauishingly small, of nitrogen occurs as N; 
then between that awl the nitrogen in the water there 
must be an equilibrium as in the preceding case, and pro- 
portionality as before, 

C = *iP, 

where P$ is the very small partial pressure of the gaseous 
nitrogen in the*, form N, This partial pressure is not, 
however, proportional to the total pressure P, since the 
equilibrium in the gas between the two forms of nitrogen, 
according to the equation 



is subject, according to the laws of chemical equilibrium 
(cf. Part I, p. 109), to the relation 



where J? N> md P N HFC the partial pressures of the nitrogen 
in the forms N v and N respectively, and consequently P Kjj 

to nitn>K<w, but not to water vapour; although if the vapour were 
present the ronHoning would still hold. 
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differs only by a vanishingly small amount from the total 
pressure P. Hence 

P = KP*x and = 7%P N = k</P 9 

where k is a constant, equal to & : / VK. 

In this case, then, the concentration of the dissolved 
substance would not be proportional to the pressure of the 
gas, but to its square root, which would imply a very wide 
departure from Henry's law: quadruple pressure would 
not involve a quadrupling of the concentration, but only 
a doubling. 

A different molecular constitution, such as N 3 or N 4 , would 
introduce a corresponding change in the law, so that there 
only remains to consider the case of hydrate formation, 
such as N 2 . H 2 O. This case may be treated in a similar 
manner,, by assuming the presence in the gas of an 
extremely small quantity of the hydrate, or in the solution 
of, besides hydrate, an extremely small quantity of nitrogen 
not combined with water. Both assumptions lead to the 
same result ; by assuming a small amount of hydrate in 
the gas, we bring into play the equilibrium 

N 2 .H 2 0^N 2 + HA 

with the condition 



in which PNO.H/) and P^ 2 are the partial pressures of the 
hydrate and of free nitrogen respectively. Since obviously 

Pj? 2 = P PtfaHaO 

the equation may be replaced by 

PN 2 .H 2 = %iP, 

where 



Since according to what preceded, the partial pressure of 
the hydrate is proportional to the concentration of the 
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dissolved nitrogen, we get a ratio between pressure and 
concentration 

G = kP, 

exactly as if the nitrogen were dissolved in the form N 3 
instead of N, 2 . H/). Hence the presence of a hydrate has 
no influence on the law of absorption ; and generally that 
of any hydrate N rt (H./)) b does not differ from solution of 
the water-free molecule N a . 

We may therefore conclude that gases which on solution 
follow Henry's law, possess the same molecular weight in 
the solution as in the gaseous state, with only the possible 
exception that hydrate formation, always without change 
in size of the gaseous molecule, may occur. As already 
remarked, nearly all the gases whose absorption has 
been studied belong to this category: N 2 , H 2 , 2 , CO.,, 
CO, N 2 0, (>H 4 , CJir H^. NO, C 4 H 10 , C,H~ in "water and 
alcohol; (XX, in carbon disulphide and chloroform; C.,11,, 
in acetone 1 . Indications of a different behaviour occur 
with NIL and SO,, in water, while MCI in water departs 
so far from Henry's law that an entirely altered molecular 
magnitude on solution is to be concluded. 

2. Aw>(](((tro' t Law for Dissolved Substances. 

What for our purpose is essential in the preceding 

argument is not that the molecular weight of some ten or 
twelve, gases in solution in known, but the principle that 
if Henry's law of absorption answers to the facts, then 
a gas does not change its molecular magnitude on going 
into solution. On account of the limited data available on 
absorption, and especially on account of the fact that most 
substances are too involatile to give gases or vapours of 
measurable density, the principle discussed is of minor 
importance in its direct application. We have rather to 
consider the qvu^on without assuming any experimental 
data on absorption what property must any dissolved 

1 Compt. Rend, 124. 988. 
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body possess as gas or vapour, in order thai it may, on 
absorption, follow Henry's law? and the answer is that the 
o-as or vapour must, at equal temperature and concentration, 
exercise a pressure equal to the osmotic pressure of the 
same substance in the dissolved state. 

The proof of this may bo given in a form due partly to 
me 1 , partly to Lord Rayleigh % and partly given in a private 
correspondence with Dr. Donnan. 

Before entering on the proof, which deals with osmotic 
pressure and somipermeable membranes, i.e. membranes 
that only allow the solvent to pass, it may be remarked 
that any notion one may form as to the mechanism 
producing osmotic pressure, or the action of semipermeable 
membranes, is without influence on the reasoning. Thus 
the question whether the pressure in produced by the 
solvent or by the dissolved body can 
be left out of consideration; so iuo, 
whether It is dependent on collisions 

i i ' / / \ \ or by attractive forces. The art ion 

of the membrane too, whether ll is as 




a sieve, or by means of absorption, 
is indifferent. All this is tin* case 
because the proof to In* given in based 
Fig. 4. on thermodynamics, HIM! is coime- 

*' i | quently free from assumptions mi the 

mechanism. Moreover it is plain that two semipermeable 
I membranes cannot give* different osmotic prt'HHur*s, for that 

J | would allow of a periwtnu-m w>W/r ; UWH let the ring 

! | (Fig. 4) be supposed filled with solution on the right, am! 

1 1 solvent on the loft, separated by two m*mipermt<iibtt< mem- 

| branes above and below, which give osmotic pressures 

1 1 amounting to p { and /> a respectively. Such u <iitlrinee of 

f ! pressure 2>jp 2 would then give rise to a flow, which, HH 

! all the conditions remain unchanged, wmt<! nrv*r <esi*. 

| After these remarks, let UH prmreed to the actual pro<*f. 

1 1 By means of a revtrsil-*le cyclic process carrimi out ut 

1 j l Zeittehr.f. MI/H. (Mm* i, 488, * A'rtfurr, 55, ^53, 
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a constant temperature T, a kilogram of dissolved 
substance X is to be removed from, say, an aqueous 
solution in the form of gas or vapour, and restored to it 
again. 

The removal of the dissolved body X is to take place 
by means of semipermeable membranes : the solution is 
separated from the undissolved gaseous X by the partition 
be (Fig. 5), which only allows the gas to pass, whilst the 
pure solvent may be supplied through the walls ah and cd, 
on the outside of which is solvent. 
Gas or vapour pressure and os- L_l! 

motic pressure are to be kept in 
equilibrium by means of two 
pistons, above and below. Now .^^^ 
i kilogram of the dissolved body X I 
occupies under temperature T and j__ __4 \ 

pressure P (kg. /sq. m.) a volume ! ] fjj ! ; 

of V cub. metres. The ratio of " ' * a 

absorption is such that this vapour Fig. 5. 

is in equilibrium with a solution 

that contains i kilogram of X in t; cub. metres, which solution 
exercises an osmotic pressure p (kg. /sq. in.). If now 
both pistons be moved upwards, I kilogram of X may 
be removed reversibly from the solution, an amount of 
work being done by it 

PV=RT ....... (i) 

whilst an amount of work is performed against the osmotic 
pressure, which we will express with the negative sign UH 



A second process now, will rostoro the vapour of X to tho 
solution. First let the vapour expand to a very great 
volume V w and in so doing perform work 

. . (3) 

The so diluted vapour may now bo brought into contact 

c 
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, f water a process which, in the limiting 
e ; of . s ^ t a e P is revers ible, for under those 
case m winch ^ 1S ^ not absorb any of the 
circumstances the water w ^ ^^ 

^r^^'soX with fn espenditure of 
;work 



Here, however, P, has not the value given by 
p V = -R2 7 , 

-i the pressure P may be calculated from 



so that 

p "m. . . 
Jr \ y + 7 

Consequently the work done is 

TT iTv & y 



which, if F M is infinitely great, becomes 



Since the total work done in a reversible cyclic process 
! at Constant temperature must be zero 



- 



. 
By comparis-on with 
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since T is constant, we see that for equal values of V and v 
we must have p __. 

This is the result originally referred to, that any dissolved 
body which obeys Henry's law, must have such properties 
that for equal temperature and concentration, the gas 
pressure and the osmotic pressure must be equal. 

But we know, by what precedes, that a vapour dis- 
solving according to Henry's law must have the same 
molecular character in the solution and the vapour, and 
consequently we may draw all the conclusions as to 
the osmotic pressure of dissolved bodies that have been 
drawn as to gas or vapour pressure, i. e. we may apply 
Avogadro's law to solutions, making use of the osmotic 
pressure instead of the gas pressure. 

From this necessary equality of gas and osmotic pressure 
for similarity of molecular constitution in solution, it 
follows that the osmotic pressure obeys the gaseous laws, 
i. e. the laws of Boyle and Gay-Lussac. A remark on the 
nature of the osmotic pressure may be made here ; if it 
follows Gay-Lussac's law, and is so proportional to the 
absolute temperature, it, like gas pressure, becomes zero 
at the absolute Hero of temperature, and consequently 
vanishes when the molecular movements come to rest. 
It is, therefore, natural to look for the cause of osmotic 
pressure in kinetic grounds, and not in attractions. 

A second general remark may be made in connexion 
with the gaseous laws as applied here. In this case too 
they are to be regarded as limiting approximations, only 
strictly true for infinite dilution. They refer, on account 
of the kinetic nature of the osmotic pressure, to that part 
of it which prevails on increase of dilution ; whilst, when 
the concentration is greater, the attraction of the solvent 
becomes of more consequence, and eventually must prevail, 
since it increases in proportion to the square of the con- 
centration, while the number of molecular collisions is only 
proportional to the first power. 

c a 
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B. Methods for Molecular Weight Determination 
of Dissolved Bodies 1 . 

As in gases a measurement of molecular weight involves 
a knowledge of the weight, volume, JUVHMUV, nni trnipiTn* 
ture in the gaseous or vaporous condition, so in .solutions 
the same four data suffice, the osmotic* ]uv.ssutv iv|ilm*ut< 
the ordinary pressure. 

From th,e theoretical point of view, tlw* first tiling it* 
consider is the osmotic j HVSHU rv itsrlf; but in jiractitv 
indirect methods involving quant if -5*** ivlati*i to that 
pressure occur; we shall thrivforv liisrttss in turn thr 
direct and indirect methods of molecular wrt^ht *!HT 
mination for dissolved bodies, 

i. Direct Methods fttr Aftfontltn* Wriyht J^*it"i-- 
of 



(a) Comparison of the (witmtif /i/vwinv t*f 
Kolutiorw (Ixotonij). Whilat for #us's tin* <!t' 
of molecular weight is an i*nsy <i|u*rutitit, F*r 
a direct application of the eo!Ti'H|iiiiitlIn^ IHWH jrit-s with 
the difficulty of meitHuring osmotic j*rr!*stttv it *iif!iniitv" 
due to the neccHHa.ry UH<* of n Hi*mtjii*riifi*!i!i!i* !itpuil*mii\ 
i.e. a wall or boundary pennmblt* in ih** solv-rut lii nni 
to the dissolved body. If the uksoluti* vtiltt** of tip* nHtntftM* 
pressure is to be meanured, tin* * mHulmuu* * IIH.H. in ii*tii!it*n, 
to stand a meehanical pivwun* which may U whirh 

makes the experiment ntill uionMiilKritlt ; \vt* hhtiil 4 thrn* 
fore, first describe! the taHJifMlH in whii-li thin ilifBi'tiiiy, 
due to pressure, IB avoided by ititMrt*vtt, iiiMtr)i*t of th* 
actual osmotic premin* uf a Hulutimt, njiuiiily ln*t\vrnt 
two solutions of equal immciti*.: {m^sun* ; nftrrwariN rh* 



t |MiW mttMttaire *fo IVun { <t 
BruxelloN, 1896, Bill/, |*i,nf fa 
Berlin, 1898, 
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few direct measurements that have been carried out will 
be mentioned. 

First, as to the semipermeable membrane. The peculiar 
property of allowing one substance to pass, and not the 
other, seems to depend not so much on sieve-like action 
as on the ability to dissolve or absorb, or loosely combine 
with one substance. Such a selective action occurs with 
gases, e.g. palladium 1 allows the passage of hydrogen, 
which is absorbed by it. Nernst 2 has described a semi- 
permeable membrane for liquids, based upon the same 
principle, and consisting of an animal membrane, moistened 
with water, placed between (moist) ether on one side, and 
(moist) ether, in which benzene was dissolved, on the other. 
The ether, being slightly soluble in water, passes through 
the membrane towards the side containing benzene, whilst 
the benzene, insoluble in water, fails to pass through. 
Quite recently the property of caoutchouc, noticed by 
Graham, of transmitting certain gases, such as sulphur 
dioxide and carbon dioxide, has been studied with regard 
to liquids 3 : whilst e.g. methyl and ethyl alcohol cannot 
permeate the caoutchouc, ether, carbon disulphide, chloro- 
form, benzene, &c., can, so that if one of these liquids be 
placed on one side of the membrane, and methyl alcohol 
on the other, ether, &c., passes through. Moreover, it has 
been shown that the rate at which the transmission takes 
place is in agreement with the rate, at which the liquid 
in question is absorbed by caoutchouc. Finally, Tammann 
discovered in the zeoliths a material permeable only for 
water not for substances dissolved in it; these zeoliths 
are known to be hydrated silicates, which, according to 
Mallard, possess the peculiar property of absorbing and 
giving up water, without losing their crystalline form. 

Whilst those membranes are of importance for the expla- 
nation of semipermeability, an entirely different material 

1 Ramsay, Zeitschr. f. Phys. Chem. 15. 518; Hoitsema, 1. c. 17. i. 

2 Nernst,, 1. c 6. 38. 

3 Raoult, Com.ptes Eendus, 121. 187 ; Fusin, 1. c. 121. 794- 
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has been used for actual measurements, viz, so fo- 1 "* 
membranes occurring in animal and vegetable tis^" 1 
the precipitate discovered by Traube. 

The membranes in animal and vegetable organist 1 * 
offer little resistance, have proved especially t* H 
semipermeable partitions, and an example of ead x 
given here. In the first place we have the pr< >1 
sheath of the plant cell 1 , an elastic membran^ 
freely against the cell-wall, being kept against tf> 
osmotic pressure of the contents. If, however, tU e 
a layer of cells, suitable for microscopic observ** 
placed in a salt solution of high osmotic pressure, th cl 
contracts away from the cell- wall: the process k** 
plasmolysis occurs, as may be very well seen \vl ; 
protoplasmic contents are coloured (Tradescantia d : 
Different solutions that exercise so high an osmotic I 
as just to produce plasmolysis, are equal in their 
action, are so-called isotonic, and therefore, accor 
Avogadro's law as extended to solutions, contalx 
numbers of dissolved molecules in the same volume*. 
e. g. a solution containing 5-96 per cent, of raffinowo 
stance whose molecular weight was then unknovv 
found isotonic with a solution of cane-sugar (C 12 I : 
342) containing 01 gm. mol. per litre (i.e. 3-43 / ) 
the molecular weight of raffinose must be approximai 

3.42 : 5-96 = 342 : x a? =596, 

and as for raffinose the choice lay between O 3 
.3^0 = 396 (Berthelot and Ritthausen), C^BL^O,, 
= 594(Loiseau and Scheibler), and C 36 H 64 32 . ioH 2 C I 
(Tollens and Bischbiet), this was decisive in favour 
second formula, a conclusion which has since been 
by chemical means, since raffinose takes up wai 
decomposes into three molecules of sugars, each con 
six carbon atoms (glucose, laevulose, and galactose) : 



1 Be Vriea, Zeitschr. / Phys. Chem. 2. 440. 
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A similar determination of isotony by physiological 
means, in this ease, however, taken from the animal 
organism, may, according to Hamburger 1 , ho carried out 
with red blood corpuscles, the solution to be studied being 
.shaken tip in a test tube, with a couple, of drops of defi- 
bri nixed blood. Two phenomena are then observed, 
according as the solution exercises a great or small osmotic 
pressure: in the, first ease, the corpuscles give up their 
colouring matter to the solution; in the second they sink 
to the bottom of the colourless liquid. Liquids which lie 
on the margin in this respect arc isotonic, and so we have 
an easily available means for molecular weight determina- 
tions. 

Similar isotony has been observed by Tamrnann- without 
physiological aid, by means of a precipitated membrane, 
that is a colloidal skin Formed by contact of two solutions. 
The most available- material yet found for this purpose is 
copper ferrocyanidc, obtained by contact of potassium 
ferroeyanide and copper sulphate in layers; this was used, 
and the. pannage* of water in one, or the other direction 
observed by means of Topler's interference apparatus: 
where water enters, a rising stream in the specifically 
heavier wilt solution is observed ; where the reverse 
occurs, a descending stream due* to local increase in 
density. 

(b) Absolute. Met inurement of Osmotic Pressure. As 
already mentioned, absolute pressure 'measurements of 
osmotic phenomena are rendered difficult by the fact 
that it is not only necessary to prepare a semiperrneable 
partition, but one; that has sufficient resistance to stand 
the commonly great mechanical pressures involved. The 
organic membranes, which were found so well adapted for 
determining isotony, are for that reason xiseless for the 
present purpose, and consequently there are only a few 
isolated experiments that have been carried out with success, 



P/njft. Phnn. 6. 319. 
Ann. 34, 299. 
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but which, however, are of tit*' higli*'st intjHrtaiuv in 

testing the laws of osmotic action. 

We may first mention a meaMiivint-nt <*f 1 Utility *n 

wises l which is very instructive as i< tbr tnrrhanKm by 

means of which osmotic pressure is j*rudtnvi, A pallatliuin 
vessel A (Kig. M cnn>titnt*'l thr ntrin 
hrnne mid euntain'l nitn%vn, wlt**^* 
pressure eutild l* meastUTtl, H,H nbuwn 
1 1 1 i n v * * j^, ***** A * * * * - * . * ^ 
astr*amof hy*h'og 4 n at kntwn pr**v^nr\ 

of the gas pa-ssing tbr*ugb tbr pallaIiun> 
\\ pttlitttott, by an amuttnt nearly s tjilnl t* 
// the extt*rnal fiylr*g^i pn^^atrr ( \VMU!| 

perhaps havr euinei*i*i \vifb if if fh- 



n, 

ra 



\\ 



(V . : 

Pig. 6. 

t*xtenmi aininNji 

contained more hydngen), Tli* 4 rt'f**f* fti* (*^niMiiiM -\er^>* 
of pressure of the fliswlve*l) nitn'gi-n pr- 4 -n in tin* 
hydrogen eorreHptuuled in flir jiri'^ttiT H| th- lalri^i-n 
alone (as Avogaln>*s law apptictl !* ^Mittti**!^ i-*jnir*^^. 

Next we have Hellers iuen.Hurriin-iit.'* **f ^biti'n*4, H- 
used a Henuj>eriiteiiblt* int*mbran* *f i"pp* T r tVn'*yii!iiI\ 

small poroiiH battery-cell, tlit* t*i-ll (ntni^t**}**^! 1 brin^ ItUril 
with potaHHium fVrr<it f yiti!iiIMiii*! tlippi-| tit rnpprr ?ui|t}iHt*'. 
DifFuHion from both Htilrs t.ln*n brings iit*nisi tip- 
of the membrane. With ich an npjwrHfu** tip 
measuremoiitH wen* onrrii**! out <*n n n*' j-i* * 
solution (i gm. in CM\|, 

2"<'W|i. (I) 
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From these data the molecular weight M may be 
calculated on the basis of Avogadro's law according to the 
relation (p. 19) 



G: 



~- = : 2 , 



where G is the weight in grams (= i), Fthe volume in 
litres (01006), so that 

Jf= 0-813 



The numbers thus calculated are given in the last 
column, and are in good accord with the number, 342, 
obtained from the formula of sugar, C 13 H 22 O lr Notwith- 
standing this and several other researches \ direct measure- 
ment of osmotic pressure has not yet led to a practicable 
method for determining molecular weights. 

2. Indirect Methods for Molecular Weight Determination. 

Whilst direct measurement of the osmotic pressure has 
so far met with difficulties for want of a satisfactorily 
resistent semipermeable membrane, so that the experiment 
is difficult or even impossible, attention has been paid to 
other properties of solutions, which bear calculable relations 
to the osmotic pressure. 

With regard to these methods, we may say generally, 
with Nernst, that every mode of separation between solvent 
and dissolved body involves a method for determination of 
molecular weight. This is so because every such separation 
renders possible a cyclic process in which the solvent, after 
having been separated in the way in question, may be again 
brought together with the separated or dissolved substance 
osmotically, i. e. by means of a semipermeable membrane. 
If this cyclic process be carried out reversibly e. g. if the 
osmotic action be supposed to take place in a cylinder with 
piston, such that the wall of the cylinder enclosing the 

1 Ladenburg, Berl Ber. 22. 1225; Adie, J. C. S. 1891, p. 344; Ponsot, 
Compt. Rend. 125. 867 j Naccari, Rand. Ace. Lincei, 1897, i. 32. 
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solution is semipermeabte, and thr piston **\rreisix a 
pressure exactly equal to flu* oswotio pivv^tnv thru 
a thermo-dynamie relation may hi* deduced which in\l\rs 
the possibility of measuring the wolreular Wright. 

Viewed from this point of viVw, tin* indirect nirthils ftr 
determination of molecular weights way !* tltxiitnj into 
two groups, according as the cyclic prtM-rss underlying lln-iii 
can be carriccl out at constant tewprrattuv ir nut ; in 
the first ease the theoretical nrguwent in siwplrr, and ean 
often be simply demonstrated without thr aid of thrrinn 
<lynamics. 

(<x) The (')/{*/! t* /mww rim l-'f ni9*r**'>i tn?.l tit t'oH-admt 



pressure, vmwwrwncid, Theeowtntm rJiraet>T f iurthtit^ 
based on cyclic processes wliirlt run 1 4 riirrit"i nut nl 
constant temperature is that they can he p<*H'Mnit*''l /if uii\' 
temperature, whether the Kcptirnttutt t** H,,H \npuur *r t.\ 
shaking with a third Hulistnuee. \Vi lt!ivi% hu\vr\iT. IM 
distingxiwh as distinct uu*thMis thr hrpurutiuii ui sitUmt 
and of dissolved HuUstaitci%aa(i xu \v nrrivrnt th* tViIli.rwiii 



i. Separation as vapour. 
(a) The dissolved suhstntice srjiHmt*^ nit : ]<h<'tiit!rtjii 

of ahsorptioti. 

(0) The m:)lvent Kejiiirfttfh tnil ; ii.im'i*ring nf Viiiur 



2. Separation hy a sol \vitt, 
(a) The dissolved 8ulst*ifit*e sr)mmtr^ mif 

partition. 

(j3) The solvent epiinitr?* out. : low'riiig of Mohiltiltiv, 
With rogani to tht timt of thi** iiM*tlt<i)H t ki,^*i tij*n i hr 
phenomena of ahsorptinit, \vr tuny r-rfV-r t* ji, JI.H, mpi onh 
note that when Henry'* Inw nf ut**trjitiim htiMn (|ro)nr 
tionality Imtween premtin* nf tin* gii.^ imd rtntrrutnitiMii in 
solution) the alworlM*ti giw ht ijiii'^iiun mti*.t i-\iHt with 
tmehanged moletmliir \vi*tgiii in Hnitittmi. 

We must now deal with the w*ii4 u^lli^l l^^l MH f h.< 
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lowering of vapour pressure produced by the dissolved 
body. 

The vapour pressure of a solution is immediately related 
to its osmotic pressure. Obviously two solutions in the 
same solvent, if they have the same osmotic pressure, i. e. 
are isotonic, must show the same 
saturation pressure. Otherwise a per- 
petuum mobile in the meaning of 
Fig. 7 would be inevitable. The two 
isotonic solutions A and B are sup- 
posed separated by a semipermeable 
membrane ; then if there is a difference 
between their saturation 'vapour pres- 
sures, a current of vapour will flow 
in the upper part of the vessel, say 

from left to right. Then the decrease and increase of 
concentration produced in B and A respectively will cause 
a movement of the solvent through a b from right to left, 
and so the conditions for a perpetual motion are given, 
which can only be avoided if isotony goes with equality 
of vapour pressure. 

But further, the magnitude of the change in vapour 
pressure which a solvent suffers in taking up a dissolved 
body may be calculated, as will be clear from what 
follows. 

Deduction of the law of diminution of vapour pressure 
without thermo-dynamics. We will first give the simple 
proof, due to Arrhenius, which does not 
involve thermo-dynamics. Suppose os- 
motic equilibrium to be established by 
means of the semipermeable membrane 
ab (Fig. 8), above which the solution rises 
to the height AB. Now the equilibrium 
implies that the solvent should not pass 
by distillation into or out of the solution. 
But the pressure, which at B equals the saturation pressure p 
of the solvent, is less at A by the pressure exerted by the 
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column of vapour AB ; accordingly, the saturation pressure 
of the solution which obtains at A must be less than that of 
the solvent, by say Ap. But just as the diminution 
of vapour pressure corresponds to the column of vapour, 
so the osmotic pressure corresponds to the column of liquid 
resting on a b, and if both be referred to the same area, the 
change of vapour pressure is to the osmotic pressure as 
the weight of any volume of vapour is to that of the same 
volume of liquid. Taking, for simplicity, a kilogram- 
molecule M of vapour, if its volume is v litres, then by 
applying Avogadro's law to the vapour and solution we get 

P 

pv = PV, so that v = V, 

P 

where p and P are respectively the vapour pressure arid 
the osmotic pressure, and V is the volume in litres of 
a kilogram-molecule of the dissolved substance. If the 
composition of the solution is given as n molecules of 
dissolved substance to N molecules of solvent, one dissolved 

N 
molecule m occurs in m f M kilograms of solution (here 

the molecular weight of the solvent is taken as if, as 
determined from the vapour density, but without any 
assumption as to the real value of that quantity in the 
liquid). If N is great, as in dilute solutions, the , weight 

NM 
may be taken as ; this is accordingly the weight of the 

P NM 

volume V of solution, and that of v is - 

p n 

Hence we have the relation 

D A PNM , r 
P : A p = - : M 
pn 

or 



This is a somewhat modified form of Raoult's law. The 
latter refers to the so-called molecular lowering of vapour 
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pivssmv, i.t. tin* value of A///) ohtainod for a one. per cent. 
.solution multiplied hy the molecular weight of the dissolved 
suhstanct*, or 



in which one part of dissolved suhstaiUH* is oontain<<! in 
100 parts of sulvtnt : 



\vllClK'< 



v ir MM ir 

'ii 111 : *> M -" i ; too or , = i-oi J/, 



t> 



i/i = o-oi J^ 



in <ith**rwor<lH tin* ivlnti\v lo\vt*rin^ of the vapour p 
is **<{ual to on** lnui<hu<h-h of tin* rnohcular W(*i^ht of 
solvi*nt ; in whirh it must U* IWMIM* in min<i that tlu* 
<|uuntity has tin* vitlur <l*rivr<l from vapour density 



# riit* follow in*; tal*l* f shows n*sult.s obtained for 
dilute H 



IMit^phoruH tiirtilMt ill 



M*thy! 
Methyl 
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A /* ^ 
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0.183 


i;i7'5 


l'49 


7(1 


0.8 


154 


i6a 


9'5 


t-3 


70 


0.74 


7 B 


0-83 


l^-j 


1.40 


UK) 


l-iB 


74 


0-71 


5 B 


0.50 


3 a 


0*33 


uoo 


a* 



It niiiy bt ri*iiiiirkt % d that, as with all ruks derived from 
thu ih<*ory of MtiiuttcinH, it in only strictly truo for infinite 
dihitioit* For that rcitson \vu will mm ro.ptsat the proof 



ICiMiiiil, rattyt. Um*L 87. 167, 
Uammiy, Zrit&hr,/, My*. Him. 3. 359. 
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with the aid of thermo-dynamics, insisting again that the 
law of the lowering of vapour pressure infers nothing as 
to the molecular weight of the liquid solvent. 

Thernw-dyna/niic deduction of the law of diminution of 
vapour pressure. Let the solution contain da kilograms of 
dissolved substance in one kilogram of solvent, the former 
possessing the molecular weight m; withdraw from it, 
osmotically and reversibly, i. e. with the aid of cylinder and 
piston, so much solvent as contains one kilogram-molecule 
of dissolved substance, with expenditure of work 

AVdP = zT, 

where dP is the osmotic pressure in kilograms per square 
metre produced by the absorption into the solution of da 
per kilogram, and Fthe volume in cubic metres in which 
one kilogram-molecule is dissolved. 

The amount of solvent withdrawn is to be restored 
reversibly by evaporation and condensation. In the first 
place we gain a quantity of work (i) by reversible evapora- 
tion at p and T ; next a second quantity by expansion of 
the vapour till the pressure has fallen to p dp, that of the 
solution. This work, for the kilogram-molecule M of 
vapour, is 



p 

consequently, for the mass -=- with which we are concerned, 
zTdp m 



p Mda* 



I Finally the vapour is to be condensed in contact with the 

I solution at p dp and T, in which process the work gained 

! in (i) is used up. Since this cyclic process has been carried 

j** out at constant temperature, it cannot be accompanied by 

,j a conversion of work into heat, or vice versa, so that the 
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osmotic work spent must be equal to the. work of expansion 
gained, i. e. 



or 



winch again comes to Raoult's law, if we remember that 
the solution contains da to one or icoda pc v r cent. Accord- 
ingly, for a one* per cent, solution, a.sHuming the proportion- 

ality between concentration and lowering of vapour pressure 
which is true for infinite dilution to hold, we have 



tin 



--in. 



nr 

= O-O1 M* 



/ 
l> j) IQOtHt 

In the same way as before we arrive at the expression 

A /> -H. 

j, = y' 

The meaning of this equation may be illustrated by 
answering the question, * What fall of vapour pressure does 

i y ti of HUgar produce in water at 100 1 * Here p = 760 mm. 
and 



,V 



HO that 



342 

760 

1900 



_ 100 
'"18' 



... . 

....... ...... 

1900 



= 0-4 mm, 



Abnormal rulwt* for (tfowrnutl m/xmr tfantvit!cn. Then* 
is another essential point to be noticed, viz. that N, 
the so-called number of moleeulos of solvent used in the 

deduction, is not always the real number; rather JV'is the 
ftetive number of molecules obtained by taking the mole- 
cular weight of th<s saturated vapour at the temperature 
considered as unity. If the vapour, then, has an abnormal 
density, the abnormal molecular weight so obtained in to 
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be used in calculating N, as Raoult and Recoura 1 showed 
to be the case for acetic acid. They measured, as explained 
above, the relative molecular lowering of vapour pressure, 
i.e. the lowering for a one per cent, solution multiplied by the 
molecular weight of the dissolved substance, or in Raoult's 
nomenclature 



;V p > 

where P is the percentage content of solution, / /' the 
lowering of vapour pressure. This molecular diminution, 
multiplied by 100 and divided by the molecular weight M 
of the solvent, gives a number that averages unity, or 

f-f m_ 

~ 



We get the same result from the formula already given : 

A j- 

A_m = o-oi M, 

P 

which coincides with the former if only p, the pressure of 
the solvent, is put for /', that of the solution, which is 
permissible in dealing with very dilute solutions. 

On the other hand, acetic acid gave 1-61 instead of I 
when jfl/was taken as 60, according to the formula C.H 4 . 
But to do so would be to choose too small a molecular 
weight, for. that, according to the vapour density, is 97. 
Taking the correct value we again get a number close to 
unity, as before, since 

, 60 
i-oi x = i. 

97 

Hence, in determining the lowering of vapour pressure 
lies another means of measuring the molecular weight of 
the saturated vapour of the solvent, provided the molecular 
weight of the dissolved body be known. 

1 Zeitschr.f. PJiys. Chem. 5. 423 ; Berl. Bcr. 29. Ref. 941. 
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Accuracy attainable, in weaaurinci vapour pressure*. 
Finally, something may be said as to carrying out the 
measurement of: vapour pressure, and the accuracy attain- 
able in doing so. As compared with the method of 
measuring the osmotic pressure directly, the vapour pressure 
method stands at a considerable disadvantage. The one per 
cent, sugar solution, that at ordinary temperatures exercises 
~ atmosphere osmotic pressure, causes a fall of only 04 mm, 
iti the vapour pressure at 100. But on the other hand, 
the measurement of osmotic pressure has met with such diffi- 
culties in practice, that several attempts 
have been made recently to obtain more 
accurate results by the vapour pressure 
method l . An important improvement 
lies in increasing the difference of level 
which corresponds to the pressure differ- 
ence to he measured. The substitution 
of oil for mercury (Frowein-Bremer 
tenshneter *) is a great advantage. But 
lately Smits has applied a suggestion of 
Krel/, (.Jamin, (Wo\s da J^hy^lque^ III, 
vol. iv, p. 218) in using two liquids 
differing but little in density. One the 
heavier was aniline, which, when moist, has at 20 the 
density 

^ = 1-022; 

the other was water, whose density at 20 is 

* t = 0-998, 

The heavier liquid occupies the lower part of the narrow 
tube, A li (Fig. 9) ; the water, for the most part, the reservoirs 
c and i) (and is covered with a thin layer of oil, not shown 

in the diagram, to prevent evaporation). Then suppose an 

1 Diotctrici, WmL Ann. 62. 617; Smite, Arch. A f arL 1897 j Boldhigh, 
MattndU, war Kttitatno. ax. 181. 

a Zdtxhr.f. Phya t Clam. l. 4214. 

D 



Fig, 9, 
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a decision as to its molecular weight may be based on 
Henry's law. But the separation may also be accomplished 
by the addition of a liquid which does not mix with the 
solution. Again two methods arise, according as we deal 
with the solvent or dissolved body passing over into the 
new liquid. In the first case we may expect the analogue 
of the law of diminution of vapour pressure, in the second 
that of Henry's law. 

Let us take first the lowering of solubility, which was 
first applied to determine molecular weights by 
Nernst l , and afterwards carried out in a very 
simple manner by Tolloczko 2 . The whole 
measurement of molecular weight could be carried 
out in a flask (Fig. i o) of volume about 1 80 c.c. with 
a long narrow neck (i cm. = 0-43 85 c.c. ; content 
1 3 c.c.) divided in half millimetres. As liquids, 
ether and water were chosen, and the decrease of 
solubility of ether in water brought about by 
any substance soluble in ether measured. 

To take an experiment in detail: a known quantity of 
water saturated with ether at 18-3 was used, containing, 
according to a previous measurement of solubility, 10-762 
grams ether. This quantity of ether saturated with water 
would occupy 34-967 scale divisions of the neck. The ethereal 
layer occupied 4-86 scale divisions, and so weighed 1-4958 
grams; on addition of 0-0952 gram benzene it increased to 
6-i i, equivalent to 1-88 grams. 

As previously for the vapour pressure we get the 
formula 

Ap n 

~y = :r 

in which p and Ap are the pressure and decrease of 
pressure respectively, n and N the number of dissolved 
and dissolving molecules (the latter calculated from the 




1 Zeitschr. f. Phys, Chem. 6.1. 

2 1. C. 20. 389. 

D 2 
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molecular weight obtaining in the saturated vapour), so 
now we have 

A s n 



where <s and As arc the solubility and decrease of solubility 
respectively, n and -ZV the number of dissolved and dissolv- 
ing molecules (the latter calculated from the molecular 
weight obtaining in saturated solution, here therefore 74, 
the molecular weight that ether gives in saturated aqueous 
solution). Thus 

A : s = (6-114*86) : 34-967 = 0-0358 
1-88 



The* vuluo of x (molecular weight of benzene) so found 
would bo nearer to the expected value if we took, into 
account the Holubility of water in ether, and the alteration 
in that Holubility brought about by addition of benzene. 
Thus at the temperature of the experiment some n molecules 
of wutrr are dissolved in 100 of ether. 

On thin account the no-called molecular displacement 

A* 

< m = O 
<J 

tthouid lie determined by means of a body of known mole- 
cular weight, and for a given mass of water and tempera- 
tuns ff being the mass of substance dissolved always in the 
ttauu* nuuiH of colter. Then a molecular weight desired may 

IH *ktuetH.l from the value of (/. 

Kxtiitiple : 0*0655 gram of benzene effected a displacement 
of 0*4, r ) cm.; the molecular weight of benzene is 78 (C H ), 

HO tliat 

ThtrJti 0*1266 gram of naphthalene was taken, giving the 
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displacement 0-55 cm., and hence for the molecular weight 
of naphthalene 

536 = x x ~~ 



x = 

which for practical purposes agrees sufficiently with the 
formula C 10 H 8 =128. 

Ratio of partition. As remarked on p. 43 a measure- 
ment of molecular weight may be based on the ratio of 
partition, and the law with regard to this may be most 
simply arrived at by considering the equilibrium of the 
vapour of the dissolved body, the mutual solubility of 
the two liquids being neglected. If the molecular weights 
in the vapour and in the two liquid phases be m, (m), v and 
(m),, a respectively, and the concentrations c, q, c 2 , then on the 
one hand 



and on the other 



that 



"' 



where c 1? c 2 , (7 1? (7 2 are the concentrations as found in two 
experiments. 

Hence if % is known, i. e. the molecular magnitude in 
one liquid, then two measurements of partition will give n.^ 
the magnitude in the other solvent. 

As a rule the molecular magnitude is the same in both 
solvents, being simple in each, and so we have 

n^ = n% and - = k, 
c z 

i. e. constant ratio of partition, as found in certain cases by 
Berthelot and Jungfleisch \ But as hydroxylic substances 

1 Ann. cle Chim. et de Phys. (4) 26. 396, 408. 
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in hydroxyl-free solvents mostly occur with double mole- 
cular magnitude (p. 60) an inconstant ratio of partition is 
found, e. g. for acetic acid in water and benzene l : 



( gm. acetic acid 
in 31 '5 cjm. benzene) 


(gm. acetic acid 
in 5-075 gm. loater) 


<>>. 


i 


0.043 


0-245 


5-7 


1-4 


0-071 


0-314 


4-4 


r '39 


0-094 
0-149 


0-375 
0-5 


4 
3'4 


1.49 
1-67 



The fair agreement of the values of as compared with 

#2 

the decided falling off in the values of agrees with the 

c i 

conclusion arrived at also from other sources, that acetic 
acid in water exists as C.,H 4 O 2 , but in benzene practically 

as 



(ft) The Cyclic Process cannot be carried out at Constant 



Whilst in the foregoing methods the underlying cyclic 
process can be carried out at constant temperature, we 
have now to consider methods in which that is not 
the case. 

Molecular weight determination by loitering of the freez- 
ing point. Separation of the .solvent in the solid state, 
L e. f ree/ing of the sohition, affords, as is well known, the 
oldest method for molecular weight measurement, which 
was developed on an empirical basis by Raoult before the 
theory of solutions was established. 

The cyclic process which again leads to the rule to be 
applied, cannot be carried out at constant temperature, and 
so involves the use of the second law of thermo-dynamics. 
The solution is to be cooled by A t below the freezing point 
of the solvent (T absolute), and at that temperature 
a, certain quantity of ice separated, a process which can be 

1 Nornst, Zeitschr.f. Phys* Cham. 6. 121. 
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effected at the constant temperature T&t if the mass of 
solution is so great that the separation in question makes 
but an inappreciable change in the concentration. Then the 
solution and solid solvent are to be separated and warmed 
to T, the solvent melted and mixed with the solution in 
an osmotic reversible manner (with cylinder, piston, and 
semipermeable membrane), a certain amount of work being 
gained. If At is very small (dt) a quantity of heat Q has 
in the cyclic process fallen in temperature by A, which 
implies a production of work 

o 

V ^jT 

If the solution contains a per cent, and so much of the 
solvent is frozen out as contains one kilogram-molecule m of 

the dissolved body, i. e. - 3 then 

Cd 

_ loom 

Oj 

where W is the latent heat of fusion of the solvent 
per kilogram. The work gained is, according to the 
previous argument, 

so that 



a T 

or 

' 02 T ' 2 





7/ 1/ - 



1/ - yrr - 

a W 

Here, however, the first term is the so-called molecular 
lowering of the freezing point t, i. e. the lowering for 

a one per cent, solution , multiplied by the molecular 

C6 

weight m. 

Thus for water, from T = 273 and W = 80 we may 
calculate 

t= 18-6 



I 1*1 V' 



MS 



R* 
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(18-5 if instead of 2jT the more exact value i-g8T 
taken), so that a one per cent, solution of methyl alcob 
(CH 3 OH=3^) would show a melting point x = 0* 
below zero, since 

x x 32=18-6 or 03 = 0-58. 

Vice versa, from a known depression of the freezi 
point the molecular weight may be calculated, and since 
determining molecular weights the choice always re 
between values differing widely from one another, t 
ambiguous results may be obtained by the use of i 
process worked out by Beckmann and Eykman. If, he 
ever, the object is to test strictly the formula dedui 
above, measurement of the freezing point is found to 
not altogether easy. Sxigar again has been the subject 
many experiments, and the following table shows that o: 
of late years has satisfactory agreement been reached : 

1885 Raoult 1 . . . . 18-5 (i per cent.) 

1886 Riioult 2 .... 25-9 (very dilute) 
1888 Arrheinus :t .... 20-4 (i^- per cent.) 
1893 Loom in 1 . . . .17-1 (^percent.) 

1893 Jonas 5 23.7 (0-08 per cent.) 

1894 Ponaot .... 18-77 (infinitely dilute) 

1896 Abogg 7 *8.6 (infinitely dilute) 

1897 WiUlormami 8 . . . 18.7 (0-17 per cent.) 
1897 Kacmlt 9 .... 18-72 (very dilute) 

It in especially noteworthy that Eaoult, in 1897, withd 
the opinion expressed by him in 1885 in favour of abi 
mully great depression for sugar in very dilute solut 
and BO fell into line with the theory of solutions. 

It should always be remembered that the formula 

A 003 T 2 

a ~~ W 

x CuHipt. Rmd, 94. 1517. 3 Ann. da Chim. et de Phys. (6) 8 

Jf Xwtttchr.f. Phys. Chc.m. 3. 497. * JferZ. Ber. 26. 800. 

6 %ntchr.f. Phys. Chem. la. 642. fl Compt. Rend. 118. 977. 

7 Xtiitsc/tr.f. l*hys. Cham, so. 230. 8 Journ. Chem. Soc. Trans. 1897, } 
* Ann. c/e Chim. d de Phys. (7; 10. 79. 
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is only strictly true for infinite dilution, so that the form 



rf ms= - ..... IT" or TT 

is to he preferred, \vhere cZa is the dissolved substance in 
too parts. 

Molwulttr wit/lit determination ly the rise of boiling 
/Hi!-nt. Just as the solvent can be removed by freezing, so it 
can be separated from the dissolved body by boiling, and the 
lowering of vapour pressure already dealt with corresponds 
to a rise in the boiling point. This may be determined in 
magnitude by means of a cyclic process similar to that 
referring to the freezing point, and amounts to 

, 0-02.7'- ,. 0-0198 T 2 

/ = or exactly - , 



where / is the moleexilar rise of boiling point (i. e. -7- m, 

CLd/ 

p. 56], T tin* absoluto temperature of the boiling point, 
H" the latent heat of evaporation. The method of molecular 
weight determinations based on this has also been worked 
out by litH'kmann. It is usually not so good as the freezing- 
point method, because the molecular rise of boiling point 
is, on account of the great latent heat of evaporation, 
relatively small. 

Thin will be plain from the following table, which gives 
the fmy/m}f point (/fy>), latent heat of fusion (TF/), boil- 
ing point (N/*), and latent heat of evaporation at the 
boiling ptnnt (11^), together with the molecular change in 
fm*'/.5nj<; point (A//), and boiling point (M t ), calculated from 
the formula 





ithtnfr 


/> 


jr, 


Mj 


Sp 


TT 8 


M, 


Wt- 


<r . 





Bo 


18-5 


1 00 


536 


5-H 




,<* acid . 


17 


44 


37.8 


118 


85 


35-6 


Ifc'ttft 


t*Ut! 




30 


50-3 


80 


93 


33-4 
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It may be added that recently the boiling-point method 
has been applied in a simpler form by Landwberger l and 
Walker-, by passing (V . g. ether vapour, generated in a 
flask, through the ethereal solution of the. substance investi- 
gated, till the thermometer no longer rises, and indicates 
the boiling point of the solution. 

j\r<)le(it/(t,r ml* fit t dt't*'nni nation, hi/ 'niwt.nt* of the c/ncn^fe, 
of wtluhilit'jf with- tt'MfH'Hit'ii *'<* If no third substance is 
employed to effect the separation between dissolved body 
and solvent, and we omit that in the list of methods, it is 
in the first place difference in state of aggregation which 
allows of the separation. Thus molecular weight determina- 
tion by means of vapour pressure and boiling point is 
possible on account of the separation of solvent as vapour; 
determination by menn*s of the absorption coefficient is 
possible on account of the separation of the dissolved body 
OH gas. Separation of the solvent in the solid form leads 
to the method of the lowering of the freezing point, and 
finally the account may In* completed with the possibility 
of separating flic dinnolved body in the .solid, form. The 
method HO indicated may now he taken, 

The method i similar to that applied on p. at to ga.s and 
vapours, involving the well-known formula, 



Here F is the inereHHt* of vtiliune due to evaporation of 

a definite quantity, and 7. thr heat absorbed, refers to th<, 

name. 

With regard to HultifiiiiH thin ecjuation may be. trans- 
formed, according to Tnrt I, p. j^ into 



} Itril, lltT* 31. 458, f ./uir, ('font. &*. 73. 5a, 

11 V<*rM*hAflr'lt| Z'f*4r\ /, 1*1^^, ('h*m, 15. 440? Vnu Litr f I. r. 15, 473; 
?. 5451 ^7* 33K <.iM|iUi-JuU I.r, 17, 14,% 5- *H i NIVM, I* a. yti. 699. 
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in which Q is the heat absorbed on solution of one kilogram- 
molecule, G the concentration. 

This formula allows of a molecular weight determination 
of the dissolved substance, by calculating L from the data 
011 solubility, and dividing by the observed heat of solution 
per kilogram ; thus for succinic acid (C 4 H 6 4 ) the amounts 
dissolved in 100 parts of water at o and 8-5 respectively 
are 2-88 and 4-22 ; hence we get from 

AC _ Q 



The heat of solution per kilogram is 55, and therefore the 
molecular weight = 124 (C 4 H 6 4 = 118;. 



C. Besults. 

i. Simple Molecular Magnitude of Dissolved Bodies. 

Putting together the results of the numerous determina- 
tions of the molecular weights of dissolved bodies, the 
leading conclusion arrived at appears to be that the mole- 
cular magnitude is usually that corresponding to the 
simplest formula that answers to the quantitative composi- 
tion, and the chemical relations of formation and transforma- 
tion. This conclusion has helped not a little towards the 
favourable reception of the theory of solutions, and to 
the working out of the molecular weight methods based 
on it. 

Larger molecules. Agreement with the results of gas 
density measurements. In the first place, departures from 
the simplest possible molecular formula are found in cases 
in which the gas density indicates the same thing. The 
molecular magnitude of the elements, already referred to, 
may be mentioned in this regard. Most are diatomic :^ so 
also are oxygen, nitrogen, and hydrogen in aqueous solution, 
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since Henry's law of absorption applies to them (p. 31) ; 
for iodine the same has been shown by measurements of 
the freezing point ] . Again, the monatomicity of the metals 
(P- ^5)3 deduced from their vapour densities, is found to 
be true for solution in mercury 2 , whilst phosphorus and 
sulphur appear as tetr- and oct-atomic respectively, as in 
tlie form of vapour. 

Researches on the molecular weights of the elements can 
thus be carried much further, since the non- volatility of the 
metals is here of no consequence, and so nearly all the 
metals have been studied in solution in tin, and have mostly 
proved monatomic. 

As to compounds, the tendency of acetic and formic 
acids to form double molecules, shown by the vapour 
density, recurs in many (hydroxyl-free) solvents 3 . 

Larger molecules in hydroxylic compounds. What docs 
not appear from the investigation of gases and vapours is 
the tendency of nearly all liydroxylic compounds to form 
double molecules when in somewhat concentrated solution, 
as was mentioned for formic and acetic acids. This is found 
to be the case in general for organic acids, for the alcohols, 
arid for water. The presence of double molecules, however, 
depends on the solvent, being found only in hydroxyl-free 
liquids, such as the hydrocarbons, chloroform, and carbon 
clisulphide. In hydroxylic solvents, phenol, acetic acid, 
water, the reduplication does not appear, either because 
of a dissociating action of the solvent, or because the dis- 
solved body forms molecular complexes with the solvent, 
in "which only one molecule of dissolved occurs. Hence in 
practice, as the smallest molecular weight answering to the 
chemical behaviour is sought, it appears that hydroxylic 
solvents such as acetic acid are to be preferred, especially 
when dealing with hydroxylic bodies. 

1 Beckmann, Zeitschr. f. Phys. Chem. 5. 76 ; 17. 107 ; 22. 614 ; Holff, 1. c. 
xs. 219; Aronstein and Meihuizen, Verh. Kon. Akad. Amsterdam, 1898. 
* Bamsay, Zeitschr. f. Phys. Chem. 3. 359; Tanimann, L c. 3. 441. 
3 IBeckmann, 1. c. 2. 742. 
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tfnnc'ut t*f the tftworheniiml. 

ei^ht measurements play a specially important 
part in studying tin* cause of the isomerism between two 
bodies <f tin* same composition. For it is then possible 
t< decide whether there is it difference in molecular magni- 
tude, i.o. polyuu'nsm.ur n tlifrmntro in construction lu^twccn 
two iuol**t*ul*h of tltt* Hume six\ I, t. iHonuM*isiu in tin*, 
nurrowrf ht*nst.% It may !* ntanrkt k <l ht i rt\ tluit with 
r**pirl f tin* l**vilopiu*nt of sttMM'o-iHonu^risni, which is 
a sp**fiul kind of isow* % risiu at-trihultMl to i-ht. 
uf lit** iii*4ri*uli' in .spar**, !uol<'<*ulat 4 weight d 
fonti an iMtisjM*nsHMli al<l siucr if. is necessary first to 
pro\v that ilit!t*r'iH f r.s hi-twrrn equally coinpostMl molecules 
an* in t|U***<ti**n. lfen<*e it was a fnriunat-t^ coincidence that 
just at the ttiiit* the theory of KtereoehemiHti'y was dls 
cu\eretl, the new im*th*ls for the meaHurement of inol(*cuhir 
\\ fights in M)titi<tii ha.si'il on the tla*ory of Holutions, wcro 
introduced. The interesting CHSCH of iHoincnsin in the 
tru.\itlie ai'ids, tin* teu/.uin<$^t!iteH and many otlier com- 
jHitiudn iiiijturfitut fr .HleretichentiHtry, could hardly have 
Iteeii Mil tjiiiekly and rertninly hrouj^ht into light without 
the nr\v iiti'llHidH for inoitTutur weight determination. 



A v*ry Htrikiit^ i*xt***jtion upp^arH when a substance in 
diMHotvi-d in itnutlier isoiuorphouH with it, as thiophene in 
Iffuxi'm*. The towering of the free/Jn^ point in then 
decidedly U*H ; Ju the <*iiw* iuitititincd only ahout two-thirdn 
iif |}ir itfiritiul nmoutti, lit wurh citHt^H, us has actually IHHJU 
fthuwn *, tin* tli.H.Hi!ved i4itMfiiice HepnrateH out in an ino- 
iiior|ih**im mixiurr with tin* milvout \vlu*u this latter 



f. / /'/iv. <'h*M t ti. 343; Bi'ckumun, I.e. 17. 107; 
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freezes ; hence we have a departure from the assumptions 
made in determining the formula 

002 T 2 

W ' 

and it will appear later that for that reason the lowering 
of the freezing point should be smaller. 

The phenomenon in question has been applied by 
Ciarnician and Garelli 1 to settle doubtful cases of iso- 
morphism, and by that means the constitutional formula, 
since it is known that isomorphism goes hand in hand 
with similarity of constitution. 

4. Aljiorwial Results for Electrolytes. 

Lastly we must consider the great exceptions which 
occur in electrolytes, i. e. especially solutions of salts, 
strong acids, and bases in water, where the lowering of 
the freezing point often amounts to twice or more times 
the normal amount 2 . It was just this phenomenon that 
HO long stood in the way of the discovery of the simple 
laws applicable to dilute solutions, which first came to 
light when Ilaoult made his freezing-point measurements 
on non-electrolytic solutions, i. e. on solutions in solvents 
other than water, and solutions in water of organic 
substances not of a salt character. It is well known 
that the phenomenon in question led to the theory of 
electrolytic dissociation, which now requires special 
treatment. 

The Theory of Electrolytic Dissociation. Arrhenius 
attributed the abnormally large change of freezing point 
just mentioned, and the abnormally high osmotic pressure 
deduced from it, to a decomposition into ions, i. e. electri- 
cally charged portions of molecules. The extensive data 

1 %citchr.f.'PhyR. Chem. 13. x, 18. 51, 21. i. 

2 Tho greatest deviation has lately been found by Crum Brown for the 
salts of sox-biisic mollitic acid. - - 
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accumulated in support of this view will only be partly 
mentioned here. In the Third Part of these lectures, in 
which the relations between constitution and properties 
are to he discussed, many opportunities will arise to draw 
qualitative and quantitative, conclusions from the idea of 
Arrhenius, as was the case in the First Part (p. 117), in 
dealing with the conditions of equilibrium in electrolytes. 
lien* we. are. specially concerned with the question, on 
which the decisive proof turns, whether the degree of 
decomposition deduced from the theory of solutions agrees 
with that arrive* I at independently on the basis of the 
electrolytic dissociation theory. 

The form in which the departure of electrolytes from 
Avogadro's law, as applied to solutions, is to be given, may 
conveniently follow on the so-called isotonic coefficients 
introduced by d<* Vrir.s (p. 38) ; these give, how many 
tiiwH moiv t'trretive a moleeule of salt in an isotonic 
solution is, with ivgard to plusmolytic or osmotic action, 
than a sugar mnlrruh% the latter being, for special, reasons, 
taken as Ji. \W havr modified this mode of expression 
hv taking sugar anil otluT substances following Avogadro's 
law an unity, and writing the halved isotonic coefficients 
HO arrived at with (he letter*. If then, for a certain con- 
central Jon, i 1-7;, for nit-re, that means that if each molecule 
of nitre \\viv replaced by 1*75 molecules of sugar, a solution 
Isotomr with thui of nitre would be, obtained. Hence the 
nsmotie pivssmv of the nitres solution is 1-7^ times the 

I / v/ 

normal amount* HO thai the quantity i may also be 
hfained us tlie nitio between the molecular depression 
of tin* five/.iug point / proportional to the osmotic pressure, 
and tin* nnnnal vnlui? iH-;J found for sugar and other 



For th* siiuir teiiiperature and concentration, the same 
of t hhciulfl bt* obtained, whichever of the methods 



o 
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already mentioned is adopted whether based on the law 
of absorption, on the freezing point, or on direct measure- 
ment of osmotic pressure; and the confirmation that 
Arrhenius' -conception has received lies in the agreement 
between the value of i so obtained and that independently 
reached on the basis of that conception. 

In the first place then we must consider the relation 
between i and the conductivity. 

Electrolytes have, it is known, a conductivity which, 
referred always to the same say normal concentration, 
increases with increasing dilution. Calling this the mole- 
cular conductivity JJL the conductivity of mercury at o 
being taken as unity, and the number multiplied by io 7 
for convenience we have for KNO 3 at 18, according to 

Kohlrausch : 

1 i i i i 

Normality 3 i - 

2 io 20 33-3 zoo 

/n s^ 57-2 75- a 88-9 103-7 106-7 H2-2 114 



__ t .. i r i i i i i i 

Normality^ - - - - - zrr - ~ 

100.7 500 1000 1667 5000 10000 16667 50000 

/X =3 117-3 Il8 119 II9'9 I2O-7 122 Ilg.S I2I.5 

i.e. a number which increases asymptotically as the dilution 
becomes greater. The explanation of this fact on Arrhenius' 
theory is that with the dilution comes an increasing ionic 
decomposition according to the equation 



where (K) and (NO a ) represent the positively and negatively 
charged ions respectively. This decomposition is practically 
complete for the limiting value 



Theoretically it would only be reached on infinite dilution, 
and is therefore represented by ^. 

If the conductivity depends, as we have assumed, only on 
the ions present, the quotient 



I 
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represents the fraction decomposed, and the total number 
of molecules, counting each ion as such, exceeds the 
normal amount in the ratio 

I : (l a) + 2 a = 1:1+0, 
HO that we have 

i = i + a = H 

Moo 

Comparing a special case directly with de Vries' experi- 
ments in which urea wan chosen as normal substance, we 
find for the concentrations mentioned the following results 
(plasmolysis p, no plasmolysis n., intermediate state np) : 

NormaHfy Urea Nitre 

N i.v 0-285 o-3 '3*5 o-33 -345 



N = 0-0:6 0-17 0-18 0-19 o-co 
wjp p p n n np p p 

HO that 0-315 normal urea is iso tonic with 018 normal 
nitre. Accordingly for a 0-18 normal nitre solution 

o* '% i ^ 
1 = "c.l8 = X ' 75 " 

By tlu v conductivity we get, interpolating for the same 
solution, 

M = 99-7, HO that 6 = i + =14- - = 1-81. 

The agr(Minent is horo satisfactory. Unfortunately it has 
not in all cases remained equally so on application of the 
more* exact procedure of the freezing point. 

It would be very desirable to form a collection of results 
obtained by the freezing-point method, to serve as a test 
of ArrlH'imiH* law by comparison with the collection of data 
on conductivity 7 . 

Under these circumstances it seems desirable to choose 
OHtwaMVt e law of dilution' as a second characteristic, and 
divide electrolytes into two groups according as they follow 
it or not. 

1 A/H Isitrcrmfttien der Kkklmlyte, inslcsondere dcr Lu&unycn, Kobliausch and 

asig, 1898. 

E 
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Ehutroliite* whit'hfM*"' CW^Wt/V /W ,//;/*////,. Fur 
a dissociation hi a dissolved rli'rtmlyti' in tit*' SCUM* of tin- 
C( [nation 

KNO :l - \\\\ i I' N<>. A 
ic. an equilibrium symUli/,t*d Jy 

KN*O a - " (K r| ^.i*' 

if thr ions aiv tivati*d an iunl****ut'^ if Drifts ati inrvifsiJ.lr 
conHtMjut'Uc't* of tin* 
rivotl at, 
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i^^^r 

tho concfntrutinn f 

opposite ni^its ; tiiiH n 



or if r IH* Uu* viltuu' iu litiv* f .'; ^nnu-ii*'*!-i'u!' 
procul of thr nurtimliiyX 



i r 

(i tH I 
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//I // * II ,t i 
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Mri*Iiis t !*' l* ( <lii'f i * ' -, 
yiilil^ ion i f tli, -, t i f & ^ 
c s i.iiiri'iiirtli in t iii i s < 
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As an example, the data for chloracetic acid at 14 are 
as follows l , the calculated values of being derived from 
the equation 



V ft JL ol) S . ' caZc./rom 

^ lj % 10=7.2 10 

^o 51-6 0-166 0-163 

205 132 0.423 0-43 

408 170 0-547 0-543 

2060 251 0-806 0-80 1 

4080 274 0.88 r 0-88 

10 too 295 0-948 0-944 

20700 300 0-963 0-971 

co 311 i i 

Clearly here the decomposition as measured electrically 
follows the course* anticipated on the theory of dissociation. 
Accordingly we find, e.g. for diehloracctic acid, which also 
follows Ostwald's law, that the values of t, obtained from 
the. molecular depression of the freezing point (&), and 
those from the conductivity, agreed 

formality "I - ?- i -a i 4- 

18.7 /t^ 



1-966 x-956 

0.005x77 1.911 1-913 

oo 1033 *'85 a 1-843 

0*01447 1-763 1.806 

0*011048 1.717 1-731 

0-011778 1*69 ^-703 

Tin* agreement is satisfactory, and might well be complete 
if we. remember that the freezing-point measurement 
alwityn tins more difficult refers to o, while the electrical 
IB for iH ft . 

fJlertrofytM v/7//r//, do not follow Oswald's law of dilution. 
Tlie aim w cjtute <liflc.rent for salts and strong acids and 

* Van *t I!<ir and K<*i<'hor, Zritochr.f. Phys. Chem. Q. 781. 

s Wilder maiui^ I.e. 19. 242. 

K a 
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bases. If, e. g. 3 we take the former value of the conductivity* 
of nitre, and calculate 



where F is the reciprocal of the normality and ^ = 

get :. 

r ,-, /-r\ I I I I I 

formality (N) 31 - 

2 10 20 33-3 100 

M ~ 57 2 75- 2 ^3-9 103.7 106-7 112-2 114. 

u? N 

%--._- =s 3.1939 2 .o8r 1-9657 1-7689 1-5707 1-5864 i^ro'y 

_ r ,.. ,. i i i i r 

Aurmahty (A) -,- -. - 

166-7 500 1000 1667 5000 

/* 117-3 i*8 119 119-9 120-7 

''^iW-fl ^ I ' 2446 ' 8 427 0.6739 0.6037 0-3503 

The relation suggested by Rudolphi and van't Hoff 1 , 



does not remove this difficulty in principle, for 

it certainly agrees better with the facts (Part I, p. 

has no necessary basis, and so can at present only 1 ** ' 

regarded as empirical. 

Moreover, there is a considerable difference between t t*# 
values found for the dissociated part 2 (in per cent.}, e. *%. # *' 
sodium chloride, by the freezing-point method by Jon*--* 
Loom is, Abegg, Raoult, and from the conductivity I *\ 

KoliIrauMih : 

P< JTABKI UM Cm<oien>K. 

Ilaoult Kuhlrausvft 

94-5 

91 91-1 

88 89. x 
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/ir./. i'hijft, I'hrm, 17. 385, 18. 305 ; Kohlrauadi, I.e. 18. 66x. 
H, I, c. a6. 709, 
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Evidently, then, dissolved salts, strong acids and bases, 
must he treated with caution as electrolytes, for though 
there is undoubtedly dissociation, and the assumption of 
dissociation into ions appears to be indispensable, yet the 
exact amount of that dissociation, and the mechanism of it, 
are insufficiently explained. In these cases it is necessary 
to hold by the thermo-dynamic relations based on vapour 
and osmotic pressures, &c., and to treat the calculations 
made from conductivity data as rough estimates, whose 
exact value is yet to be determined, although the commonly 
close agreement indicates a most valuable conclusion, as 
will appear better in the Third Part. 

It is otherwise as regards high dilutions, at which, 
especially for strong monobasic acids, monacid bases, and 
their salts, the dissociation found osmotically and electrically 
is practically complete, and so ignorance of the law of 
dissociation does not stand in the way ; calculations then, 
with the assumption of complete dissociation, recover strict 
applicability. 

To give a motion of the case, we quote the degrees of 
dissociation found for decinormal solutions at 1 8 from 
conductivity measurements : 

Strong monobasic acids and monacid bases : 

HOI 94% KOH 93% NaOH 90% 

Salts of the above acids and bases : 

KOI 86% KNO S 85% NaCl 84% NaN0 3 84% 

Salts of strong dibasic acids or diacid bases : 
Na,,S0 4 69% BaCl 2 7 5% 

Salts of dibasic acids and diacid bases : 

MgS0 4 45% CuSO * 39% 

Already in the copper salt we are dealing with a weak 
base ; if further a weak acid be chosen, as in copper acetate, 
the ionization is further reduced; then, however, quite 
a different dissociation appears the hydrolytic which 
results in formation of free acetic acid and free base or 
basic salt, an effect that does not come into consideration 
with the salts mentioned above. 
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3. SOLID SOLUTIONS 1 . 

There seems a prospect of extending the theory of 
solutions which allows of determining molecular weight in 
solution, to homogeneous solid mixtures. This possibility 
is conveyed by the expression ' solid solution ' for such 
homogeneous mixtures. 

According to the data which are at present available for 
testing this assumption, it seems necessary to distinguish 
between amorphous 'solid solutions/ such as e.g. the glasses 
which are homogeneous mixtures of silicates, and ' isomor- 
phous mixtures.' The latter are further removed from 
solutions just on account of their crystalline structure, 
whilst for the glasses there is a continuous series of states 
connecting the solid and liquid conditions that almost 
excludes any limit to the applicability of the laws of 
solution. Only the equilibrium reached by diffusion takes 
more and more time to reach on account of the increasing 
viscosity, and consequently the difficult problem in the 
study of such solid solutions lies in the establishment of 
the necessary equilibrium. 

Qualitatively these solid solutions, both crystalline and 
amorphous, have much in common with liquid solutions, 
but on the quantitative side of the problem it is necessary 
first to keep to amorphous, or occasionally crystalline solid 
solutions, whilst isomorphous mixtures in the narrower 
senses will be discussed in the third division under molecular 
structure. 

First, a few leading traits of a qualitative character may 
be touched upon l . 

A. Qualitative Considerations. 

As regards qualitative features, first come the experi- 
ments on the lowering of vapour pressure of solids when 

1 Bodlander, Neues Jahrluchf. Mineralogie, Geologie, Palaontologie, 1898. 

2 Van 't Hoff, Zeitschr.f. Phys. Chem. 5. 322. 
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others form with them homogeneous or isomorphous 
mixtures. Von H auer and Lehmann observed in this respect 
that the tendency of hydrated salts to effloresce, which 
indicates a somewhat high vapour pressure, is reduced by 
isomorphous mixture ; this was observed for lead sulphite 
in mixture with the corresponding calcium and strontium 
salts, iron alum with aluminium alum, copper formate with 
the formates of barium and strontium. The essential point 
is that each component shows a greater tendency to effloresce 
than the compound. 

This reduction in saturation pressure corresponds to 
the observation already mentioned (p. 61), that when the 
dissolved substance separates out along with the solvent 
sis an isomorphous mixture, 
the depression is abnormally 
small. Thus e.g. in Fig. n 
let AB and BC be the vapour 
pressures of the solid and 
liquid solvent respectively, so 
that B, their point of inter- 
section, represents the melting 
point T! . If now the solution, 
1 >y taking up any non-volatile 
body, comes to have the smaller 
vapour pressure B 2 C 2 , the de- 
pression produced is T 2 T X ; 
if, however, the solid solvent also takes up some of the 
dissolved body, and so possesses the smaller vapour pressure 
A, B,, the depression is also less, viz. T 3 T 13 always on the 
assumption that the freezing point is the temperature at 
which solid and liquid have the same vapour pressure, 
which is certainly the case when the dissolved body is 
non- volatile. 

It may be remarked that just on this account the treat- 
ment of isomorphous mixtures is less simple. The close 
relation of the two bodies, as benzene and thiophene 1 , 

1 Van B>lert, Zeitschr.f. Phys. Chem. 8. 343. 




Fig. i r. 



72 MOLECULAR WEIGHT AND POLYMERISM 

naphthol and naphthalene 1 , chlorobromo- and iodoform 2 ,&c., 
excludes at once the assumption that only one body, that 
present in great excess, the so-called solvent, is volatile. 
The condition of equilibrium at the freezing point is then 
no longer merely equality in the partial pressures of the 
solvent in the solid and liquid conditions ; only if the same 
equality of pressure holds for the dissolved substance do 
the conditions suffice for equilibrium. The question arises 
whether the fixed composition thus arrived at for the 
isomorphous mixture separating from a solution of given 
composition agrees with the facts, or, in other words, 
whether the- cause that produces mixed crystallization does 
not involve a factor that influences the composition of the 
mixture. This is probable, on the one hand, because iso- 
morphous mixtures of all compositions cannot always be 
obtained (Part I, p. 55); on the other hand this may perhaps 
correspond to a simultaneous formation of two layers in 
the liquid. The whole thing awaits further investigation. 
Another point that may be added in considering the 
qualitative relations is that the diminution in vapour 
pressure which a solid suffers when a non-volatile body is 
taken up by it, involves a diminution of solubility, so that 
e. g. an isomorphous mixture should separate out when 
saturated solutions of alum and iron-alum are mixed. 

B. Quantitative Hesults. 

As regards the quantitative side of the problem the 
experimental data are not yet very complete or conclusive. 
The important common result that workers in this field 
have so far arrived at is that the solid state is not distin- 
guished by a more complex molecular structure, but that in 
solids, too, the dissolved molecule has as a rule the smallest 
size compatible with chemical facts, and at most double 
that size, as was found to be the case in liquid solutions. 
This result would be particularly important for isomorphous 

1 Kiistor, Zeltechr.f. Phys. Cham. 13. 452, 17. 355. 

2 Brunni, Atti IL Accad. del Lincei, Roma, 7. 166. 
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mixtures, because then it would be allowable to extend the 
conclusion from the small isomorphous admixture to the 
whole crystal, since in such a case all the crystalline 
molecules may well be assumed to have the same structure. 
On considering in more detail particular experiments, it 
will be well to treat separately the crystalline mixtures and 
the amorphous solutions. In the former we have to take 
account of the complication due to electrolytic dissociation, 
while in the latter we must bear in mind that a separation 
of mixed material, spoken of as a solid solution, may be the 
result of an alternate formation of layers, i.e. something 
quite different from solid solution. 

i. Iwniorpliaiis Mixtures of Electrolytes. 

1i\ the region of solid solutions, as commonly elsewhere, 
the most complicated cases theoretically are the most 
accessible to measurement, and the first attempt to elaborate 
a method of molecular weight determination for solids 
referred to just this case of isomorphous mixtures. 

Nornst 1 made tine of Roozeboom's 2 results 011 the com- 
position of the mixed crystals of thallium and potassium 
chlorate obtained on adding a known amount of potassium 
chlorate solution to saturated thallium chlorate. It was 
found that the concentration of the undissociated potassium 
chlorate in solution (normality c) was nearly proportional 
to that of the total potassium chlorate in the mixed crystal 
(x in molecular percentage). 



IOOO 
X 



o-o 1 68 2 8-4 

0-0873 12-61 6.9 
0-1536 25-01 6-i 

Applying the law of partition stated on p. 53, as regards 
the proportion of a substance in two non-miscible liquid 
layers, it may be concluded from this that potassium 
chlorate in the iwomorphous mixture has the same mole- 
cular magnitude as in the solution, i. e. KC10 a . 

1 Zeitochr.f. Phys. Cham. 6. 577, 9. 137- * * c - 8 - 5* 6 - 
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Fock 1 eliminated as far as possible tin* inilurnci* of 
electrolytic dissociation hy usin<j solutions of nearly the 
same total concentration obtained hy adding a j^ivat excess 
of a- salt containing tlu* smut* ion; so that if flu* rl*e..* 
trolytes dealt with are equally strongly dissociated, tin* 
concentration of each dissociated part ivmains flit 1 same. 
In these cast's the concentration in tltr solution (V t in i$or< 
nudity) usually appeared proportional in that in th** iuixi*tl 
crystals (,r in molecular per ernt.l An e\p'riiut*nt rarrird 
out at 25 with thallium nitrate nut}" M-rvr us examplr; 
the* solution contuinel tlu* amount of ptitas^iuni niiratr (r. 
in normality) necessary to keep tip the total t'Mnenit ration. 



oooBc) 3 .35 15 



Here, an iu most other HIM*, th* rMui-tn i u t i tli tun 
is in favour of simp!** m!*t*tilar ma^u'tt'l in t*r\ f i!' 



2. Cnfchtnt 1 rtittv* */ VM/ , 4 , 

Here* we < omt* n,en4, tin thi iiip- |iau*l, th- n .1-4. .^t rtkiit^ 
confirmation of tlu* runtvptiHU !' Nulil Muluf imri, rviprriully- 
as shown hy van llylert, Hi'ckiuntttt, HIP! llntnui, un<i mi 

the othor a pt*etilinr iti'huvtuur iiMti-*! l*y KiiHi^r, Tltt- 
ohnerved dntu nri* not Mttltrinit f allMU nf eh.'U'.'M'21'ri/iit^ 
the two cnte^tirli'M with r^rliisfify ; in tin* fir-it msr it 
HeeniH HH if itity rt^lntinu tf rry^tnllini' iVfrni^, t \^ al l*'H.it 
h(tvvetn iodiiit* ntnl Milid U-n/i'U. u*r* r\*iu!*^I, \\hikt iu 
the latter eiiHtM*,g, itHwrrti iir\iiriil*r and ji'iiiiir)ilMri*r*nr 
kctopc*ntii!ie ((.yirtO iiiiit rJlJif'fi! 4 far ivin-hin^ iMntintr- 
phLsm in c*ou<*t'tvni>l* : wi* will, iu thr iir,i j*!ar'. i)i-n-fMrt'. 



mixturrs/ 



t 'j'tfiitiill! HI* .W/</ M/ii//fu/N, The two eases so far studied 
an* of indine in hen/.enr and thiophene in hen^ene 1 . The 
hrn/ene erVNtaHi/,in|j; uiit in eaeh ease is found to contain 
iodine or thiophrne, and quantitative observations showed 
proportionality Itrtwren tin* eotieentrations in the solid 
solution and liquid, 

IttlttM- IN UfN/LNK. 

I,iiml . . * . ;t\l* |T tviit, a- Mi-; |u-rrtnt. 0-945 por <unl. 

S.UI }.Mlutiin . i -*'i*> *. twws 0-317 ,, 

lint i .... 4K177 " :i.H p 0-336 

Mt*au '3i7 

lAn* thiujth*nt tin* rati* only varied from 0*396 to 0*379 
with tin* inaxiuiuiu iiih.'rvrnin^ valuti 0-449 (^ifan 0-414) 
fur soltitius rtiitntiiin^ i*t^ to i/5 H ;i \w c*'nt-. of thioplu'iu^ 

Frmii this jrojiurtiouality it nuny ht <*owludtMl, iiceonlin^ 
to j, 7, that indinr and thioplunH' havt* tin* samo niolecnilar 
\vri*/hf^ in Mtltd iiiifl liquid lrir/riu% i. t\ tin* weights eorrtv- 
spnndiny to ihr forntiilu I,, niid ('.jH^S. 

At tit** suiiu* tiuir \vr huvi* it uu*uns of testing further 
Mtiautitativi'lv tin* 4'uiM*|'nitious uu tin* lowering of tlu* 
fr''/.iit^ poiut ^ivrii n p, **t, It nppt*itrt"d iliert* that joint 
iTVNtalli/ution rt'Juri'l tin* lrjr*sMun of thti freezing point- 
tVtu T..TJ to T,T, i Ki^ 1 . it). 'Hu* nuantitutivi* relations 
nr*' t'li-ar fruiii tli* 4 tt^tirt*. vi/, ; 



wht-n* r/l' ntiI </// an- thr lu\vi*HnyH uf vnpottr pjvHsnn? 
Mtll*rt*l i'V ill*' !ijuil niid H*iltd msjwrttvrly. Tliese, if the 

iltsMulvril MulMuiuM* liii^ fli* siiiiir iiifili-fuliir w-i'i^lit in each, 
ntv j*ri*jwt!iitt!iiil tu lip- t'otMvitt rut tons, Heni'e 



*Njiitiivrly fnr indiiM* mid thiujth'ii*\ 

Hi*' iu*lVmlur tii'|isv^!n!iH will thi-reiure In* (inly 0-643 

Viiii JttJ.-i-| t ^ S fvl-i, *, lv;!;*, f^. . ;n,l J lWktiti Hint Hi*irk f Li% 
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and 0-551 of the normal value 50 for iodine and thiophene. 
They were found : 

In 100 gm. (p) Depression (t] MoJ. lowering M 

Iodine (-M"= 254) . . 0-914 0-129 36 

. . 2-24 0-313 35 instead of 32 

. . 4 >2 7 ' 6c>1 36 

Thiophene (If =84) . 0-51 0-192 31 j 

. 1. 12 0.422 31 I 

2 .i6 0-812 3r j instead of 28 

3-25 1-^13 31 

A similar confirmation is supplied by Brunni's l experi- 
ments on iodoform dissolved in bromoform. Here again 
bromoform crystallized out with the dissolved body, and 
the constant ratio (0-35 to 0-37) allowed of the conclusion 
that solid iodoform consists of HCI 3 , as in liquid solution. 
The molecular depression was found as 0-66 of the normal 
amount, while 0-65 to 0-63 was to be expected. 

Isomorphous mixtures. Against this result, in all 
respects satisfactory, has to be set the fact, observed 
especially by Klister \ that isomorphous mixtures sometimes 
behave quite differently as regards melting point, which 
may be calculated from the simple rule of mixture 

S = aS l 4- (i a) &, 

where S l , 8 2 are the melting points of the components, and 
a, i a the quantities (in molecules) of the two respectively. 
Thus for hexachlor- and pentachlorbrom-ketopentane the 
following results were found : 

Molecules Melting point Melting point 

C 3 C? 6 0(a) C 5 Cl^BrO (i a) (obs.) (caZc.) 

i o 87.5(5,) 

0-9471 0-0529 87-99 88-04 

0-9135 0-0865 88-3 88-38 

0-8571 0-1429 88-8 88-96 

0-8253 o-i747 89-11 89.28 

0-7468 0-2532 89.85 90-09 

1 Atti J2. Accad. dei Lineei (5) 7. 166. 

2 ZeitscJir.f. Phys. Chem. 5. 60 1, 8. 577. 
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Itintj point 


MeltiHtj point 


(<>}>*.} 


(rale.} 


90-3 


9^-55 


91-61 


91.81 


93.^7 


93-5 r 


94.50 


94.78 


05-74 


95-88 


90-07 


96.74 


97-49 


97-50 


c n*?x (s) 


..., 



0*7005 o<y<)<)5 

0-5774 o-4vwe) 

0-4 UK) 0-5891. 

0*1701 O'HjCK) 

o-ot>55 ^*U^>45 



The same hrhaviour wan found for .some other pains of 
very similar Unties. Still exceptions are found 1 which 
increase with the difference between the two melting points, 
an<I the ahntinually larp depression to ht exi>ect,(Ml in tlu^ 
higher melting suhstance, when the difference of melting 
ptitifs is 4ivat, <!oes not occur, t*. ^., with carha'/ol an<l 
pheuanthrriif. * >n tlie other hanl tlu^re is ilu* character- 
istic* risi* of mi*ltin^ point, ohserved hy K lister, <*. JLJ. for 
,1-naplithol in naphthalene, acc(mpatiyin( the separation of 
a mixture rieh*r tit i^-naphthol" in act*onlnnce with the 
tht'orv f snhitious. Il is M far not crtnin that Kilster'n 
pairs <F Nuh,staiie*s fnrm any departure from the theory. 



::6 



j , A ill * i t'j m tntx Su/ai tint nf unit*. 

AiiiHrphuUH H<i!t*i !4iihif tuns would well form the first 
suhjeef^ of rxpiTimi-ut in this d*partntent. K lister n has 
ituid** i'\pcrim*nt* n tin* pjtrtitiuu >!* rthcr hetwtnn water 
iilid eauutchuue, un*l IM* euueluded with eotisiileruhle proha- 
hilitv !Yi*m th*' rt^itiltM, that ethrr in eautchouc has the 

isimplr tlinlrritlar \V*i^ht wlliil dtluti\ hut, douhlf wlH*U 

iiiHrf* c'fiui'i'iif i'ai*'d, 

HP* ehtier i'. hu\v'V % r, iittitt'l ly th** facility amorphoUH 
Militln lwv* *f Inking up ^ultMtancr.s in qtisfi* another way 
than iiiistur** nr *v*hili**n, lliti?* flu* ititstirptittu f jjasi*s and 
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dissolved bodies by animal charcoal 1 , of dyes by fibivs-, 
and so on are rather to be treated as surface phenomena. 

We will choose the simplest of such compounds for 
detailed examination the so-called palladium hydride :| . 
What essentially concerns us in the research is the change 
in the amount of hydrogen absorbed by palladium at. 
constant temperature, when the pressure, and there Fort* 
the concentration, of the hydrogen is changed, as well as 
the concentration of the solution of hydrogen in palladium 




Fig. is. 

formed. The apparatus (Fig. 12) allows of bringing it 
known weight of palladium in e, at. definite tompmtturr 
into contact with hydrogen who.se pmHHum eould ho rtwl 
off* the manometer, whilst the*, quantity ah.Horhed <<mhl- U- 
estimated from the original amount and tho amount 

1 Schmidt, Ztiimhr. f* Phys. Chtm. 15. 56. 

2 Witt 7 Fartmseitung, 1890-91, No, i ; Walker, Apployarcl, Jnurn. t'h,n, 
Sftc. 69. 1334. 

3 Hoitsoma, Zttitschr.f. Fhys. Chew. 17. r. St( nlno ShiM.s, /V^r. /v, : , ,-,,,, 
Edinb. 1897-98, p. 169. 
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remaining: the quantities being calculated by means of 
the known volume of the apparatus (provided with marks 
at //, /, /o) and the pressure and temperature. 

It was already known, from the experiments of Troost 
and Hautefeuille, that the amount of hydrogen absorbed 
iirsfc rises with the pressures whilst on further absorption 
the pressure becomes constant, which suggests the forma- 
tion ol* a compound. We may quote the data for 150; 
the pressure (P) in millimetres, the number of hydrogen 
atoms absorbed by one palladium (//), and the ratio between 
the increase of pressure (J^P) and the quantity absorbed 



/Vrwnm; (P) 
a6-a mm. 
8a-8 

165,4 



757-3 
836.6 

858-5 
875-5 
876.3 



Amount o/uftw/v/wu (//) 
a 0097 

0-0163 



I a 1 1 B 
1300-6 



0-0387 

o 083 
ooaa 

0-152 
o-aiq 

o-35 ' 
0-409 
0.443 
0-477 
0-488 



AI> : A/r 

8576 

14541 

10746 

557 



24 

446 

3.18S 

5874 

8073 



Troost and HauteftuuIle'H opinion in favour of the forma- 
tion of a compound was strengthened by the fact that 
at the temperature they employed the maximum hydrogen 
taken up in the interval of nearly constant pressure cor- 
responded to the formula IMJL It appears, however, from 
the newer researches discussed here, that thin quantity does 
not represent any definite atomic ratio, and especially that 
it varies with the temperature. 

At 10 ' ront't'ntrntitttt about 1M IT .. 

i 180' n n IM H,,. w . 

The possilili^ explanation of these facts is that at constant 
pressure two solid solutions are present in the palladium, 
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which behave like two liquid layers 1 . Thus e.g. a similar 
behaviour as regards pressure would be found if unsatu- 
rated ether vapour were compressed in contact with water. 
At first the pressure will rise, with increasing absorption 
of ether by the water ; then a second layer will be formed, 
very rich in ether, i. e. moist ether, and then the pressure 
will remain constant whilst the new layer increases in 
bulk at the cost of the old. When the latter has vanished 
the pressure again rises. The analogy with two liquid 
layers has been actually found in solid solutions, in 
isomorphous mixtures as a matter of fact 2 . Beryllium 
sulphate and selenate, e.g., do not mix isomorphically in 
all proportions, but between S : Se = 7-33 : i and S : Se 
= 4:1 there is a gap. So that from a solution containing, 
say, S : Se = 5 : i two isomorphous mixtures will crystallize 
out, one tetragonal (7-33 : i), the other rhombic (4 : i). 

In following out further the behaviour of palladium 
hydride with regard to the molecular character of the 
hydrogen, only the parts of the series of observations 
before and after the region of constant pressure are 
available, and especially the former, because it refers to 
small concentrations of hydrogen, and so satisfies the con- 
dition implied in the theory of solution. 

According to what precedes (p. 28), if the pressure and 
the concentration of hydrogen in palladium are proportional, 
the formula H 2 is probable for the dissolved gas. Tho 
following results are obtained, with the aid of the density 
of palladium hydride : 



Pressure in 


C.c. Pd, containing 




wm. (p) 


2 mg. H (u) 


pv 


26-2 


3-084 


80-8 


82-8 


1-827 


r 5i-3 


165.4 


1-299 


214-8 


393-1 


0-771 


303-5 



16-6 
16-6 



1 According to recent observations by v. Juptner on steel, tlioro arc 
indications of a similar phenomenon involving solutions of carbon, in iron. 

2 See also Part I, p. 55. 
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It appears that the concentration ( ) is not proportional 

to the pressure, lor ' = pu (where ?; = c.c. Pel, containing 
a m<^. H) varies from 808 to 303-5. On the other hand, 
?'\//> IN remarkably constant, as the fourth column shows. 
This moans proportionality between the pressure and, the 
square of the concentration, and from what precedes, makes 
it probable that the hydrogen is not at present dissolved 
o but as II', thus confirming the main conclusion that 



as 



the solid state is not due to great molecular complexity. 



II. MOLEC'U LA II STIUTtTl HI K 

( 7k)?)i er/M^i, Ttt 



WHILST HO far we have been concerned with th* si/,r of 
the molecules, we have now fo consider their internal 
structure. The necessity for going into this point li*s in 
the existence of isomerism. From the mttmnit fliat botlirs 
of the same molecular magnitude and c'tnajiosittuu with ilit'- 
ferent properties are. kntwn, sn<*li as ethyl- aul <liiuethyl- 
amine, which, it is well known, lth hav* th* fornmla 
CXH 7 N, the poHsibility of <Iitrerint arrnn^enH'tttH su^yrsts 
itnelf aw an explanation. For that reason the li*vi*Iijnui'nt- 
of the theory of molecular .structure !HM tak*n jilnet* in 
organic chemistry . Jsomerism amon^ intirptnic euiii|M*nji4-s t 
such as between ammonium phosphite nut I hyiiruxylnmim* 
hypophosphitt^, both KIlylH'K^ in rare 1 . 

In the methods now to he descried for arriving at tin* 
molecular structures the molecular formula, wltt*h jjiws 
the number and nature of the atoms in the !iinl*i'tili% Hi*rvi*s 
as a starting-point. It may he obtained, n nn*nti<Jiii*d 
on p. 14, from the qualitative and qufintitativi* cmu]H>hitioii 
and the molecular weight. 

The further step towanls molt*culur structure rendernl 
necessary by Jsomerism in to find the inoile of connexion 
of the atoms, a problem known as that of determining the 
structure or contitution, Tlien, the itifnniiutittu d*riv*d 



ttfff fieri. 7fcr. 30. 1185, SH iili*|li^ 'i.i|r*4i*'iit*i%-i. liiv"ili),fjif : 
of Wrnr on motftlllr mitiminitutk ilt*rsviiti% s r*i './fifs'-lir, /, ttis,.,r^, fVan 
also Kurnakow, JUerl. Her. 1898, j. ^07. 
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in this way proving insufficient, conceptions going in 
further detail into the relative positions of the atoms were 
developed as a study of configuration or stereochemistry. 
We shall here discuss each in turn, and in a third section 
the very peculiar phenomenon known as tautomerism. 

i. DETERMINATION OP CONSTITUTION". 

The study of constitution, then, refers to the mode of 
connexion between the atoms. In it the molecxile is sup- 
posed motionless, so that the theory could at most only 
represent the facts accurately at the absolute 2:01*0. 

Of the methods in qxiestion which allow of deter- 
mining the mode of connexion, there are, of special 
importance. : 

A. Determination of constitution on the basis of the 
valeney of the elements combined. 

B. Determination of constitution from formation out of, 
and conversion into compounds of known stnicture. 

It may be added that many determinations of consti- 
tution are based on analogy, and therefore on the relations 
between physical and chemical properties and structure. 
Hut those will, according to the arrangement chosen, find 
their natural place in Part III. 

A, Determination of Constitution on the Basis of the 

Valency of the Elements combined. 

The notion of valency, on which this method is based, 
must first he quite* briefly considered in its origin and extent. 
It is worth while 1 - then to glance at the binary hydrogen 
compounds of known molecular weight, in which only one 
atom of the, other element occurs in the molecule, as : 

CH 4 , NH !P OIL, CHI, SiH 4 , PH a , SH 2 , III, &c. 

It appears then that never more than one atom of another 
element in combined with a single atom of hydrogen. This 
fact is expressed in the conception that hydrogen has only 

F % 
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one faculty of combining, only one valency, as shown 

graphically by a -stroke : 

H 

On the assumption that this faculty of combination is m 
the formation of the molecule used, and used up, mutually, 
it follows that all elements which combine with hydrogen 
according to the symbol 

XH (CIS), that is X H (01 H), 

like chlorine, bromine, iodine, &c., have, like hydrogen, only 
one valency, or are univalent. They can, therefore, like 
hydrogen, be used to determine the valency. The elements 
that combine according to the schemes 

TT ~ H 

TT Jtl TT 

-H N -g C-H 

- H H 

are accordingly bi-, tri-, and quadrivalent. 

Simple as the fundamental conception of valency appears, 
its further development is complicated because there are 
elements which do not always appear with the same 
valency, e. g. iron is bi- or trivalent according as it occurs 
in the so-called ferrous or ferric compounds. Valency 
would accordingly supply a very unreliable basis for 
determination of constitution were it not that in the 
department in which such determinations are important, 
namely, in organic -chemistry, the elements mainly con- 
cerned do possess -constant valencies. Hydrogen appeal's to 
be invariably univalent, oxygen almost always bivalent, 
carbon quadrivalent, so the somewhat empirical method 
practically followed on these grounds is of the highest 
importance, and usually leads directly to the object aimed 
at. Thus a compound with the molecular formula CI1,,N 
can only, remembering the quadra-, tri-, and univalenee of 
carbon, nitrogen, and hydrogen, have the constitution 

H)C_N<H 
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In other cases., such as chloral, C^CLjOH, more than one 
possibility exists ; these may be conveniently arranged by 
separating the multivalent from the nnlvalent elements, 
thus : 



and then calculating the number of bonds by which the 
skeleton of multivalent atoms is held together. Since each 
bond involves the xise of two valencies, 

Total numlxvr of valonoioH in (\0 .... TO 
Doilmst for combination with Cl : , II ... 4 



6^3 bonds. 



(3) 0-0 



lUmiaitxdor 

Hence the possibilities for C 2 O are 
(i) = 00 (a) 00 = 



to which the chloriiu'. anil hydrogen atoms an 1 to be added, 
giving 



H 



01 



01 x 
)(! \C_C 

II / I 



CK 
(afc)(n-^C 0: 

I 

II 



/ x H 
^3) (51 



The choice* between theses six possible* formulae must be 
made on other grounds. 

Simple as the method is, and valuable in cases such an 
the above, in which the valency of the elements combined 
is hardly open to doubt, it must bo remarked that it is 
restricted in application, owing to uncertainty in the 
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valency : it may often be replaced or supported by methods 
to be described later, which then show their scientific 
superiority in the elucidation they give to the notion of 
valency. 

B. Determination of Constitution from Formation out of, 
and Conversion into Compounds of known Structure. 

In order to adhere to a definite example in this case 
too, we will discuss the constitution and isomerism of 
methyl mustard oil and methyl thiocyanate. The two 
compounds are known to have the same molecular formula, 
C 2 H 3 NS, and it was the relations of composition and 
decomposition that led Hofmann l to choose the appropriate 
constitutional formulae. 

Formation of methyl mustard oil takes place, amongst 
other ways, from methylamme (CHJSTH 2 ) and carbon 
sulphochloride (C1 2 CS), with separation of hydrochloric 
acid : 



S = aHCl + C 2 H 3 NS (methyl mustard oil); 

decomposition, e.g. under the influence of hydrogen 
(sodium amalgam and alcohol), to formation of methylaminc 
and methylene sulphide (H 2 CS) : 

C 2 H 3 NS (methyl mustard oil) + a H 2 = H 3 CNH 3 + H 2 CS. 

For the formation of methyl thiocyanate, on the other 
hand, we may use methyl sulphide (H 3 CSCH 3 ) and broru- 
cyanogen (CNBr). The thiocyanate is produced according 
to the equation 

H 3 CSCH 3 + BrCN = H 3 CBr + C 2 H 3 NS (methyl thiocyanate) ; 

while decomposition by means of hydrogen leads to separa- 
tion of methylmercaptan (H 3 CSH) and hydrocyanic acid 
(HCN) : 

C 2 H 3 NS (methyl thiocyanate) + H 2 = H 3 CSH + HCN. 

1 Beilstelrij Handluch der organ. Chemie, p. 699. 
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All those reactions lead to a common characteristic of 
the constitution of the isomers, vix. the presence of a 
methyl group (CH :t ), which is regularly contained both 
in the materials required for formation and the products 
of decomposition. The constitution of each is therefore 
definite to the extent of being 

(H a C) CNS. 

The difference is now simply shown in the above reactions, 
both by the materials required for formation and by the 
products of combustion, to lie in the fact that the methyl 
group of the mustard oil is connected to nitrogen; but that 
of the thioeyanate to sulphur. This may be expressed by 
the constitutional formulae 



U)^ 
The following scheme's will then Nerve to express the*, 



reactions : 



For methyl mustard oil : 



II/JN IL + CIls and H n (JN CS 
For methyl thioeyanate : 



1 1 a CS [( 1 . 1 1, 4 J*r, ON and I F a OS lONTfj 1 11. 

It should be* noticed that in this choice, made on the 
ground that the formation and decomposition can easily 
be expressed, something has been assumed as to the course 
of the reactions, vis*, that in reacting, a molecule changes 
us little, as may be. To illustrate this by an example, 
we may note, that hydrocyanic acid might conceivably be 
formed from a body H.X/NUS in this manner: 



H 3 



NCIS 



HJH' 



\\ 



But then a double break would occur in the original 
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molecule H 3 CNCS, whilst in formation from H a CSCN only 
a single one, as shown by the symbols 

H 3 C | NO ] S and H 3 CS | ON. 

Intrawiolecidar atomic displacements. The qxiestion 
thus becomes very important, whether this assumption as 
to the mechanism of reaction always corresponds to the 
facts. With regard to this, a distinction must first bo 
made between inorganic and organic, :L e. carbon compounds. 
In the former, which show the phenomenon of isomerism 
exceptionally, or not at all, the product is independent 
of the original condition of the components; e.g. barium 
sulphate (BaS0 4 ) from oxicle (BaO) and sulphur trioxide 
(SO ;J ) is identical with that from the superoxide (,Ba(),) 
and sulphur dioxide (S0 2 ) ; here the peculiar rigidity which 
gives the compound the characteristic of its origin is 
absent. In organic compounds, however, with the appear- 
ance of isomerism, this is not the ease. And that the 
rigidity is such that only the smallest possible change 
occurs in reactions, as in the case of mustard oil discussed 
above, is rendered probable by the fact that different 
determinations of constitution, all based on this principle, 
yield the same result : thus the formation and decomposition 
of methyl mustard oil lead to the same conclusion, and 
several other methods of formation and decomposition not 
mentioned here. There are cases, however, in which such 
agreement is wanting. 

We may first consider such a case, winch was at first 
difficult to understand, but was afterwards fully explained, 
so affording a prospect of removing other uncertainties 
previously existing. The body in question is allyl thio- 
cyanate, NCS(C :J H 5 ). The generally applicable method of 
preparation of thiocyanates, in winch potassium thioeyanate 
(NCSK) is treated with the iodide of the radicle it is 
desired to introduce in tins case allyl (C a H r j~ leads to a 
body of the required composition, according to the equation 
NCSK + IC 3 H 5 = NCS (C 3 H 5 ) + KI. 
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It however appears to bo allyl mustard oil, SCN(C,,H,.), 
Instead of the thioeyanate, NOK((UI-). The, explanation 
was given that this body is the result of a secondary 
reaction due to tin* somewhat high temperature (100) 
employed. In the cold the allyl thiocyanate. expected is 
actually formed, but it has the property of wittering an 
inversion on heating, i.e. being converted into the i Homeric. 
mustard oil. Two facts are thus simultaneously established: 
first, that an inversion of atoms within the molecule ma.y 
stand in the way of determining constitutions by the 
method we an* discussing; second, that to exclude such 
secondary changes, high temperatures should be avoided in 
determining eonstit ut ion. 

It has not so far always been found possible, to analyse 
these modified reactions, and distinguish with certainty the 
primary reaction to he arrived at; e.g. pinac.one., which has 
the constitutional formula. 



is converted by withdrawal of water into pinaeolm 



which accordingly was regarded by I'YIedel l as 



\/ 



Hut as Butlemw obtained the Name body from trimethyl- 
ncetyl chloride, (('H^ro (1, and //me methyl, %n((JH, { ) 2 , 
the formula 



ill 







was equally probable, ncconling to the cujuation 



In one of the two reactions an extra, methyl group must 
have* been detached and displaced, and so far it is an open 



Sii- 



i'tanx, H'lVtt* Aktvl. Jin: 106, 579 (1897). 
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question whether a subsequent process comes into play, or 
whether the displacement occurs during the reaction itself. 
We may conclude hence, for the practice of determining 
constitutions, that a formula arrived at only in one way is 
uncertain, but that as such inversions are rare, when two 
processes yield the same result with regard to constitution, 
the uncertainty is small. The conclusion is strengthened 
when one process is one of formation, the other of 
decomposition, since then the possibility of the same 
subsequent change influencing the reaction is excluded. 
In this way the above case of pinacolin was decided ; its 
decomposition on oxidation with formation of trimethyl- 
acetic acid, C(CH 3 ) 3 COOH, together with formic acid, 

C 6 H ]2 + 3 0= C(CH 3 ) 3 COOH + HCQQH, 

has led to the adoption of the formula 
(CH 3 ) 8 CCOCH g . 

The result would be still more conclusive if the existence 
of an isomer rendered impossible the choice of a ^second 
formula, i. e. in the case considered, if the body 

(CH 3 ) 2 C~C(CH 3 ) 2 



O 

were known and turned out to be different from pinacolin. 
Hence the case quoted on p. 86 of methyl mustard oil and 
methyl thiocyanate affords the greatest certainty, for 
formation and decomposition yield the same formula, and 
the other constitutional formula suits the mode of formation 
and decomposition of an isomeric compound. 

2. DETERMINATION OF CONFIG-UKATION. 
(Stereochemistry.) 

Whilst the study of constitution is restricted to 
determining the internal relations or bonds of the atoms in 
the molecule, the higher problem of finding the relative 
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positions of the atoms, i.e. the .structure of the molecule, 
in the literal sense, of the word, is included under 
confound ion. 

We will first describe the methods applied, and then 
devote a special section to stereochemistry, which developed 
through their application. 

The two methods are essentially the following: 

A, Determination of configuration by the number of 
isomeric derivatives. 

II Determination of relative distances in the molecule. 

The first method especially has led to valuable results; 
the second is at present chiefly of importance for its 
intrinsic scientific 



A. Determination of Configuration by tho Number of 

Isornerie Derivatives. 

The wide applicability of the principle now to be 
discussed will be best appreciate* I by particular examples, 
of which cases may be chosen illustrating the fundamental 
meaning of the method. Such examples arc those referring 
to the constitution of the benzene derivatives, and to 
stereochemistry. 

i. Ctnt^titidiatt- of HtuizMiv l , 

The molecular formula of benzene, (] 11 (J , allows of 
a large number of structural formulae in accordance with 
the indications of the theory of valency, and possessing an 
equal degree of probability. Several isomers, such as 
dipropargyl, are in this way possible. 

The choice was made by Kekule on the ground of the 
number of Isumerie derivatives, in particular because the 
monoMuhstltuted bodies O tt li r> X, such as phenol, U H ft OH, 
exist in only one, form, the clisubstitnted (.' (S II 4 X.Y ? such as 
oxybenzoic acid, C 1 ( JI 4 (()I!)(OX' )()H), in three isomeric forms. 

1 MurvkwttUl, />/ ItrHZtMtrttn*', 1897 ; Vaubil, Ikr /^/wo^ctrn, 1898. 
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To decide more closely, we may add the fact that 
substituted benzenes are not capable of decomposition into 
pairs of active isomers 1 . 

Kekule, in stating his view, relied empirically on the 
available experimental data. Ladenburg- gave later the 
strict proof, which will be repeated here. 

(a) Benzene gives only a single mono^J^tltuted <ltiriv(t- 
tive. Let us distinguish the six hydrogen atoms in the 
following way : 

C H a H ?> H c H d H e H/ 5 

and regard phenol (C G H r> OH) as 



From phenol maybe derived a benzole acid, C a ll :i (X.)()IK 
by replacing the hydroxyl group with chlorine (by means 
of PC1-), the chlorine with methyl (by means of (5H. t .T. and 
Na), the methyl with carboxyl (by oxidation) ; this boimw*. 
acid therefore has the COOH group in the a position. 
The three oxybenzoic acids, C (J H 4 OHCOOH, derived from 
this acid, i. e. salicylic and meta- and para-oxyben/,oie acids, 
differ on account of the OH group having replaced diiTercmf, 
atoms of hydrogen, and not that in ., therefore say those 
in b, c, d, yielding : 

C fl (COOH) a (OH) 6 EU,, C (COOH) rt H fc (OH),1I f ,,.,, 



If now the calcium salts are distilled with lime, the 
carboxyl group is replaced by hydrogen, and we get Hie 
phenols : 



,_ /} C B H aift (OH) fi H (/ _ /( C t: H ai 

which Ladenburg found to be identical with the original 
C fl (OH).H^ 

Thus substitution of the hydrogen atoms a to d in 

1 Van 'fc Hoff, Atomtagenmg im Raume (and od.), p. 92. 
3 Theorie der aromatischen Verbindungen, 1876. 
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henzene leads to flu* same product; this may ho expressed 
symholieallv us 

H it = 11,= H fl = II,, (j) 

In the second place It appears that in himoie acid there 
are Hiill two hydrogen atoms whose substitution leads to 
the same result. 

Let us fake e, # f t u oxyaeid, < V,(C ''<><> H) rt (<>H),, H^/, and 
convert the corresponding hromtoluene, t ' tt ((*!!.,). Br ft H r A 
into nitrobmmfoluene, (\ ; (('lI : jX, Ur/,(N(). t ) !l :i ; thin may ho 
converted hy reduction into an amidotoluene, C^(OII'.,) tt ll h 
(Nil.,) ll.p and the latter hy diaxotixin*,; and treatnu^nt with 
!ronuui% info ^',.(("11.,^ \\ h Br 1I :I , wliich in i<l( k ntica,l with the 
original suhstanrr. Aceoj'din^Iy iu hcnxoieucid, C'l a ((K)()H) rt 
H/, M one hydro^i'ii iitoiu is in a position identical with h, 
uentl either 



If,, 



= II,. 



The first- two possiltililtcs, however, disappear, since, the 
correHpoitdin^ o\yacids that Iia-Ve the OH iti /;, <\ aiul d 

res[ieetivt|\' are different, so there remain only the 



11, ; - 11, and H ft =r I!/ . . . . (a) 

In the third plnre Uiere in, he,sidc\s II M still a pair of 
II utoiiis in henxoic acid, us appears from th(% fact 



yJvt'.sa hroniolienzoic* acid, 1^ (( 'OOllj,, Hi^II <( /, which K^uls 
to fwo iKoiiieric* nitrohroinohc'rixoic aci<ls, ( * u (COO II ) tt I \r h 
(NO,,) H tS , whosr reditction i^ives the same amidoheny,oie 
Hctl,"(.; ri (C'ilOII),,, H,,(NO B ) H :t . ThuH (as apiin II, = H,/ is 

excluded on account of the difference hetween the corre- 

sponding oxytteiixoic* acids) either 

II, = !! H,^ H l( 1I (I =-.- H,, 1 1,/ =r H.A or II, = II/ (3) 

If (i) and (-|) art* c<inlined rt^iu^iilu^rin^ that equivalence 
of //,<, and d Is excluded, HO that e,<^. the eomhination 

H |t ^ II, and II. = H 4 
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in benzoic acid is not allowable, the remaining possibilities 

are: H 6 = H e and H c = Hr (4) 

H, = H e H d = H / (5) 

H 6 = H e H e = H, (6) 

HTT TT TT f ,-\ 

b = -H-/* H c = JbL e (7) 

H 6 = H/ H^ = H e (8) 

H & = H/ H e = H/ (9) 

These hydrogen atoms must, then, have identical positions 
in benzene, and we have already 

H a = H & = H c = H d (i) 

so that combination of (i) with the possibilities given by 
(4) to (9) leads to the conclusion 

HTT TT TT TT TT 

a = 6 = i c = n. d = Ji e = Ji/. 

(6) The second fact, the existence of three disubstituted 
products, also assumed by Kekule' on the ground of the 
data then existing, is included in the foregoing as a necessary 
consequence. Besides the three oxybenzoic acids, 

C 6 (COOH) a (OH), H c . /3 C 6 (COOH) a H 6 (OH). H^, 
andC G (COOH) ft H & , c (OH),H e)/ , 

two other isomers are conceivable, with the hydroxyl group 
in the place of the hydrogen atoms H 6>3 H/ respectively. 
But we have seen that one of the six combinations (4) to 
(9) necessarily holds, and this makes the other two isomers 
impossible, since one of these equivalences must hold for 
benzoic acid, C 6 (COOH) a H & _/, viz. : 

H, = R e and H c = H 7 (4) 

HTT TT TT / ,-\ 

? , = n e 1^ = i/ (5j 

H & = H e = H/ (6, 9) 

H, = E/ and H G = H e (7) 

H b = H y H^ = H, . .... (8) 

(c) The third fact, that the benzene substitution products, 
not containing asymmetrical substituting groups, cannot be 
separated into optically active isomers (proved at least for 
the trisubstifcuted compounds), shows that compounds of the 
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*>T <MI ( a I* c d <'/) i-v- w "rth five hydrogen atoms replaced by 
different groups, (1 MY V v Y v 

O I ' V *j; 1 I A\ j *\ (> *\ ,^ ,i\ ^ *A - , 

have a symmetrical constitution; for asymmetry implies 
a non-identical reflected image, so that wc^ should expect 
two isonuTH <litlVrin^ as wt v , shall SIH^ later )>y their 
opposite rotation of polarised light, their so-called optical 
activity. 

This condition is only satisfied if henxene has a plane oE 
symmetry, in which all the hydrogen atoms lie ; in other 
won Is, nil I lu* hydrogen atoms arc, in one plane, with 
respect to which the carhon atoms are symmetrically 
placed. The suggested spatial arrangements of the 
hydrogen at outs are thus 
excluded. With Laden- 
hurgVi prism formula, <*.g. t 
even the didrrivatives 
(* C 5 H 4 X ; , woultl sutler d* 
compo.sitiitn into optical 
ntipod*s, sine** th<* two 
,symltls in Fig. rj are not 

syiniut'trieal, and there- 

*" 

fore not- iflt'iitical refh*<*tc<t 

i tunics ; tin* assumption 

of the regular octahedron with the hydrogen atoms at the 

rurn*r point* enrrie.s one a little further, hut there again 

tin* triderivntiws would nufler dccotnjKwition. 

How tin* hydrogen atom.H are arrang(<l in the piano 
follows partly from the first principle, that then^ is only 
u hhtgli* iiionoderivii.t]vi\ according to which the hydrogen 
ntuniK niUHt hi* Hiiiiilitrly situated. Two possihilitics oceur : 

H .11 





\" 




x"" 

^"^ 


<m 


x 


CH lie t 

Fig. 13. 



II 



\ 

/ 
MI 



1! 



Hlltl 



", 

.X'" 



,JI 



Tin* Hcniid is tin* itrnuigm<nt at the angles of a regular 

Itexttgoii ; tin* ftr.Ht at thonc of u hexagon with alternately 
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larger (2.3, 4.5, 6.1) and smaller (i.a, 3.4. 5-6) edges, 
very suggestive of Kekul^'s formula with, alternate single 
and double linkages. 

The second principle, that three diderivatives, C G H 4 X 2 , 
exist, settles the choice, since only the second possibility, 
the regular hexagon, provides the three isomers : 

XX X H X H 

H H H X and H H 

H H H H H X 

distinguished as i . 2 (ortho), 1 . 3 (meta), and r . 4 (para), 
whilst 1.5 = 1.3 and 1.6 = 1.2. With the irregular 
hexagon we should have four isomers, since 1.5 = 1.3, but 
i . 6 is not =1.2. 

The position of the carbon atoms is indeterminate, except 
that it must leave untouched the symmetry of the whole 
with respect to the plane in which the hydrogen atoms lie, 
and the identical position of the hydrogen atoms, whilst 
the number of diderivates remains three. An arrangement 

o 

H H indicated by the formula for benzene 

C Q satisfies these conditions completely, as 

H C C H does any in which the carbon atoms are 

^ ^ in a regular hexagon in the same plane 

as the hydrogen atoms, and with the 

same centre ; either, therefore, the above, or the same figure 

rotated 30. The symbol may, without losing its validity, 

be brought into accordance with the theory of valency in 

either of the following ways : f / 

H H H H 

\ / 

C C 

and H C C H 




\/ 

C C 

/ \ 

H H 

due respectively to Glaus and to Armstrong and Baeyer 
(the so-called centric formula) ; in the latter it is assumed 



ci 



- NO, 
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that the fourth valencies of the carbon atoms do not 
saturate each other singly, but neutralize in their 
entirety. - | 

2. JMerintiHttlon of Position in> the Benzene Derivatives. 

After the constitution of benzene was so far settled as to 
give an explanation of the existence of only one mono- 
derivative, but of three isomerie, diderivatives, the question 
arose, which of the three possible constitutions i . 2 (ortho), t 

i . 3 (meta), i .4 (para) to attribute to any given dideriva- 
tive. This is the problem known as absolute deter- 
mination of position, Kekule considered the answer as 
only partly possibles regarding experiment as limited to 
determining whether two compounds belong to the same 
series or not. K-g- which diehlorbenxene is to he grouped 
with any one of the three dioxyben/enes - say hydro- 
quwone run be found from the conversion of hydroquinone 
into dichlorU'n/ene by means of 1'Olr,, 

'' U 4 \ /! "** 'it t< 4 " L IJ '' t 

taking care us far us possible to exclude an intramolecular 
displacement (p. 88). This is accordingly a relative deter- 
mination of position. 

The further problem of absolute determination is now to 
settle whether these two compounds, or rather the whole 
group they belong to, has the constitution ;j ,. 2 or another. 

Korner answered this question also by the method of 
tin* number of isomeric derivatives. He remarked that 
a iliderivative, Hitch as (*! I 4 ( <l,,(i . a), lends on introdue- il 

lion of a third group, nay NO,,, to two possible formulae, 
j . 2 . '} and i . 3 . 4, us is shown by the diagrams : 
<:i Cl cu 



whilst 1.2,5 = 1.3.4 and i .2.6 = 1.3.3. But 

u 
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(i .3) gives three isorneric triderivatives, viz. T . 3 . 3, i . 3 . .j, 
and 1.3.5. Finally, G (] H 4 01, ; (i . 4) allows of only a 
single possibility, since 1.4.2 = 1.4.3= 1.4.5 = 1.4.0, 
The application of these principles to a very complete 
collection of experimental material resulted in an un- 
exceptionable solution of the problem, and one that accords 
satisfactorily with the indication of constitution givcn by 
the formation of ben%ene compounds out of, and their 
conversion into, fatty bodies. 



B. Determination of Eelative Distances in the Molecule. 

The different atoms and groups in the same molecule 
may act on one another in a way that gives information as 
to their relative distances. This action may appear in two 
ways. First, it may load to a reaction, caused by eomhina 
tiou and partial separation of the, two groups; but on thr 
other hand the character of a group may suffer a change, 
which can often be followed out quantitatively. 

i. Mutual Action of Dl/erent Unmpx. 

An action that often occurs in the domain of organic 
chemistry is the combination of two hydroxyl groups with 
separation of water : 

X(01I) 2 = XO + IU). 

Of this an example may be quoted. 

Many facts point to tin* part played by mutual distance 
in such actions, and especially, first, that in organic 
compounds, when two hydroxyl groups are attached to the 
same carbon atom, they at once suffer the ehim^e, or rather 
the existence of bodies containing the group I' (OH)., is 
exceptional Chloral hydrate, which appears to hiw'tlu* 
formula C(Jl a (JH(()H} : , neems to be one of tht* few such 
compounds, whilst e.^. the attempt to form the correspond 
ing compound, CIi a CH (UH)^ leads to formation of aldehyde, 
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CHjjCUO, with separation of water. On the other hand, 
compounds containing the ^roup 0(OII)0(OH), such as 
ethylene ^lycol, t5H iJ (()H)t'5II, i (()H), are mostly very stable. 
It must be remarked, however, and it adds to the diilieulty 
of making rational UNO of the principle, that not only 
mutual distance, but other influences as well, affect the 
.separation of water from two hydroxyl groups, as is clear 
from the cast* of chloral hydrate 1 . 

An interesting example from the aromatic compounds 
may be added, in which the method discussed led to 
a direct and reliable determination of constitution. The 
three phtlmlie acids, l'J,jH 4 ((!OOH}.,, have the configurations 

H II H H 

C (5 (5 

II(' 4 " " jCX'OOH, IIC 4 " \OOOOII. 

c' ; o ii 5 b 

11 COOt! IIOOU II 

II H 

:t "2 

(.: < 

u H 

Now only one of them easily forms the anhydride, 
( \ t 1 1 ? < ( ) with Reparation of water ; this one was thereforc\ 

and correctly, assumed <<> be c^rthophthalie acid (i .a), whilst 
tlu* other formulae were assigned tt isophthalie (i . ;{) and 
tt*rephtha.lic acid (i .4) ; in the latter the carboxyl groups, 
(..!(.)< )H t untainin; the hydroxyl, are more widely sepanited. 
It may be concluded in general that such condensation, 
i.e. formation of an internal anhydride with separation of 
water, oeeut'H most easily in the orthoderivatives (* . 2). 

* SHI ititwitic 4 4 *th4'r>, rih'Ji^un^iu'UtM <f vt'ltn'iiy in tho cowvornioti <f 
cihlorltyilritHM. Kvunn^ XdtMhr.f. l'/i/,*i, ('fain, 7. 356, 

2 
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a. Mutual Influence of Different Groups. 

The mutual action of two groups in a molecule may 
thus show itself in bringing about a combination, and 
chemical reaction between them ; but without going so far 
as that it may suffice to change the character of one of the 
groups under the influence of the other. We may take as 
instance the acid character due to the group COOH ; this 
property may be strengthened or weakened, for the reason 
considered. Since OstwakVs dissociation constant offers 
a ready measure of the acid character, the principle of 
determination of constitution has been tested in this 
direction by the author 1 named. The dissociation constant 
K which governs equilibrium between undissociated acid 
and ions, according to the equation 



and therefore bears the following relation to the concentra- 
tion of the undissociated acid C a and ions C, (Part I, p. 118), 



may easily be determined from the conductivity, since the 
dissociated part is the same fraction of the total concentra- 
tion that the molecular conductivity ^ for the concentration 
in question is of its limiting value ^^ , i. e. 



Hence G i and C a are calculable for any given concentration, 
and therefore K is so : 



whence a expresses the fraction dissociated into ions. 

1 Zeitschr.f. Phys. Chcm. 3. 418. 
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lor 



The values of K thus measured arc suitable for judging 
of the influence, we are considering, not only on account of 
the facility of determination, Imt because they vary so 
greatly amongst themselves. Thus the influence of chlorine 
at 25" in strengthening an acid is shown by the numbers: 

Awtic acid, CiL,COOII xoo/C- 0-0018 

Monochloracntic. acid, C1I 8 01COOII . . . , 0-152 

Difhloract^tic uci<l, CHCl.jCOOH .... ^ 5.14 

Trichloracotic acid, (XJl,C(K)H .... = 131 

and in erottmie and isoerotonie acids, isomers of the formula 
(H a CH niCOOH, chlorine, shows, as might be expected, 
a greater* influence on K when near than when far from the 
earhoxyl ; the numbers again re. for to 25 : 



a rhlonlt.rivulivo f^ILOU CfllCOOir 



d'<i Ionic- tic id 

1 GO K as O'OO2O4 
OO72 
C'0144 



o 0036 

0-158 

0-0095 



Since* we. have here, an indication of the, possibility of 
determining relative, distances within the. molecule, we 
must mention the qualifications so far existing. 

On the theoretical side it must be remembered that, in 
consequence of the unequal distribution of matter in the 
molecule, an action is rarely propagated equally in all 
directions within it. 

On the experimental side it appears that sometimes 
a group in the meta-, sometimes one in the para-position 
behaves an if it were at the smaller distance. This is 
shown In tht* following ortho- (i . a), weta- (i .3), and para- 
(i .4) derivatives in the benzene series 1 . 





} IWtMHUWt* \ 


NitWHicnrdttrctf 


Orv.tei-iiMtfw. 
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ItniSMf, (ic id 


I'httnttl 


A nilhw 


Iknsnw arid 
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o-ioa 
0.0087 

o-ooa86 



Ztitschr./. rhya. Chcm. 25. 385. 
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The substituting group always exercises most influence 
in the ortho-position (i . 2) ; benzoic acid is strengthened 
by chlorine and the nitro group to the greatest extent, 
and the latter too brings out the acid character of phenol 
and suppresses the basic character of aniline most in the 
ortho-position. But comparison, of the meta- and para- 
derivatives leads to varying results, since chlorine exercises 
the greatest influence in the meta-, the nitro group in the. 
para-position. The oxyderivatives appear to behave like. 

i those of chlorine, except that here the acid character is 

\ weakened in the para-position, while it is strengthened in 

r the ortho- and meta-. 

; Velocity of reaction, which, often in other ways goes with 

this dissociation constant, but is not usually so easy to 
measure, shows the same peculiarities, so the. velocity 
constant k for some reactions l may be given here, (see 

, Part I, p. 191). 

j Combination of BromalJyl with 

MethylanUino (Toluidinv) Ghlonmilhie 

I (1.2) .... A= 54 9 

: (1.3) .... /c = 445 23 

(1.4) .... 7c= 96 34 

(Aniline k = 68) (Aniline 

J The case is again simplest for the chlorderivatives: 

I the velocity, 68 for aniline, is reduced, the most by chlorine 

| in the ortho-position to 9, then in the meta- to 23, then in 

j the para- to 34. 

I C. Stereochemistry. 

j Since constitutional formulae, expressing only the mode 

of combination of the atoms in the molecule, no longer 

, sufficed to explain the cases of isomerism observed, a new 

attempt at explanation had to bo made. Such a east* arose 
in the discovery by Pasteur in 1853 f Iaevo4artarie, acid, 

i COOHCH(OH) CH(OH) COOK ; 

I but in the then state of the study of constitution was not 

; 1 Menschutkin, tterl Btr. 30. 2966, 31, 1423. 
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recognized as such. It was Wislicenu.s who first, in 1873, 
moved by the discovery of the isomerie active ethylidene- 
lactic acids, OII a (!H()HO()()IT, expressed himself convince*! 
that the usual constitutional formulae <lo not suffice to 
elucidate this isomerlsm. 

Some, extension of the theory of constitution was thus 
necessary, and of the three possibilities, dissimilarity in the. 
valencies of carbon, displacement of the atoms, and. the 
relative position of the atoms in space, the last, as is well 
known, turned out to be, the satisfactory explanation 1 . 

Dissimilarity between the- different valencies of the 
carbon atom is not suited to supply the explanation, 
because that assumption would require isomerism in even 
the simplest derivatives of the type ^ y (-Y) ;l F, such as 
ehlnrmethane, (.!H ;l (. -1. It is of importance that Henry 2 
carried out a systematic research on this point, preparing 
nitromethane, I l a ( -N< ), , in four different ways, each of which 
would have brought the nitro #roup into the place of 
a different carbon atom. Jf, then, we distinguish the four 
hydrogen atoms by the indices a hcd, he prepared 

< '(N< >,) I h * ./. < 'H.(N< >>)/. H, 01 I rt 6 (NO,,), H,,, 
and CH rt/l ,(N()J, / , 

which turned out to be identical. 

The starting material for this was methyl iodide, 
^I,i HIM-*/; this, combined directly with A^ NO,,, was trans- 
formed into (5(NO,j) rt H 6r ,/. Another portion was converted 
by K(5N into the. nitril of acetic acid, C((JN) a lI^, t t, and then 
into acetic acid itself, 0((X)()H.) rt H/, r ,/; this was chlonnated 
to (*((<)() I I) (l t)lf, H,.,/ ? and on treatnuuit with A^NO 2 
^ave, through tlu% transiently formed nitroaeetie acid, 
( '(('(.)() H ), 4 ( N( ).>);, H,;,/, the second nitromethane, t3H rt (N() 2 )/, 
I!,-,/. Aiiotht*r portion of tlu v . nitroaeetie acid was then 
converted into malome acid, chlorinated to 0(COOH.) rt/> 
Cl,. H,/, and reduced by A# N(X to the third nitromethane, 

1 Va *t Ilofif, Lwjt-runy tlrr A fame im llauMe (and cd.), 1894. 
a Zut*chr.f. My*. Clwm. a. 553, 
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CH ab (N0 2 ) c Hrf. Renewed introduction of the carboxyl 
group, chlorination, and nitration yielded tlie fourth nitro- 
methane, CH^^NO^. The four nitroin ethanes thus 
arrived at were found, as already remarked, to ho identical. 

Further, we may briefly discuss the possible explanation 
of isomerism not falling within the theory of constitution, 
by differences in atomic movements. Berthelot l suggested 
it for the case of tartaric and lactic acids. The attempt, 
however, remained without success, as it was not possible 
to formulate the view clearly. It should he observed in 
this connexion that any attempt at explanation based on 
atomic movements requires that the phenomenon explained 
should vanish at the absolute zero, since there atomic and 
molecular movements cease. Fall of temperature should 
" therefore lead to a gradual assimilation of the differences 
between isomers, if difference of atomic movement is the 
cause, and of this the isomers in question do not show the 
smallest indication. 

The third alternative, ^owm>w (hie to different position* 
of the atoms in ^xice, has ~ shown itself capable of meetin^ 
the case, and led to the development of stereochemistry. 
We will bring the subject forward in the following 
divisions : 

(i) The asymmetric carbon atom and separation into 
optical antipodes. 

(3) Single carbon linkages, and compounds with more 
than one asymmetric carbon atom. 

(3) Double linkages and rings. 

(4) Stereochemistry of other elements. 

i. The Asymmetric, Carbon Atom and Reparation into 
Optical A ntijHKlM. 

Stereochemistry is based on the principle (p. 91) of 
determining configuration by the number of isomerie sub- 
stitution products, supported and extended by application 

J BuU. (k la Woe. Chim. 1875. 

a Walden, Joum. nm. I'hyy.-CJwm. Gw. 30, 483. 
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of tin* method (p. yK) depending on relative distances in the 
molecule. The fact is that in methane derivatives of the tvpe 

in which, therefore, the carbon is combined with four ilif- 
JVrent atoms or groups, such as lactic acid, just mentioned, 



two (oppositely optically active) isomers regularly occur. 
The difference of the groups or atoms is essential, since, 
.;., if in the uliovt* flu* hydroxyl ^roup be replaced by 
hydrogen, both isonierie lactic acids lead to the same 
(optically inactive) pnpiouic acid, 

(V'lyiirooH. 

A contij^tiration of mrtlutne, such a.s is shown in Fi^s. 14 
nnd 15, with the Four groups H in one plan* 4 , and nuiforinly 
iyed, wtuld not a^ree with the facts, Tor th<ui the type 



with oitlv two different groups should lead to isomerlsm, as, 

shown by the difference between Figs. 14 and 15. Bxit the 
Ui H, 

i i 

U, t It, IV- 



Fig, 14. MK 5- 

.griurut at tht + finglen of a regular tttrahodron excludes 

riM in tins iindotlter CUHCH, unless all four groups are 





U/- 



dttlerent, UN IM iiulimletl by tlie difference between Figs. 16 
atifi 17 ; this ititference would obviously vanish if only K 3 



io6 
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and E 4 are alike. Not only the occurrence and non- 
occurrence of isomerism agree with this fundamental 
assumption, but also the character of the isoinerisni. In 
ordinary isomerism, as that of C fl H 4 Cl., (1.2) and (i . 3), there 
is a difference in every respect, in melting point, boiling- 
point, solubility, density, and also in chemical behaviour. 
The two isomeric lactic acids, on the other hand, agree in 
almost all points, as in those just mentioned, in accordance 
with the complete equality of their internal dimensions. 
Differences occur only in respect to qualities that refer 
to the difference between two unsymmetrical reflected 
images, such as Figs. 16 and 17 are. 

The most noticeable difference is in optical activity in 
the dissolved or the liquid condition; this shows itself in 
an opposite (and equal) rotation of polarized light, and 
every substance containing a carbon atom united to four 
different atoms or groups a so-called asymmetric carbon 
atom occurs in these two oppositely active forms, the 
optical antipodes. The simplest body yet known thai 
illustrates this is chlorobroinofluoracetic acid *, 

COIBrP^OOH), 

which has been obtained in two antipodes, and from which, 
presumably, the isomeric chlorobromofluormethanes, 

CC1BFH, 
should be got by splitting off carbon dioxide. 

A second difference shown by the isomexs iu question is 
in their crystalline form. This 
expresses itself in the formation 
of two so-called enantiomorplne. 
forms due to hemihedry such its 
Figs. 18 and 19 show for laevo- 
arul dextro - ammonium bimalate. 
Fig. 19. The two forms, like the diagrams 
Figs. 16 and 17, representing the 
atomic arrangement, constitute a pair of unsymmetrical 

1 Swartz, Butt. d& I'Acad. da Be!g. (3) 31. 28, 
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ivlWted images, thai cannot he superposed on one 

another. s 

"Flu' .similarity of thr antipodes iu other respects implies * 

tin- necessity f n separation, when a body with an asytn- | 

mi'trie rarin atom is prepared in the laboratory. % For **" 

starting with nu inactive, symmetrical body, such UN l 



ulit/na t\urth Iifleri*ut ^nmp H 4 is iutroducod in place of 
MM* It, tin* twii It, ^rinipH, lu'in*; symmetrically contained 
in iln* mnliM'tih*. ar r**plaretl with et|ual facility, and HO an 
iuwti\i' mistun* of tin* two isomui-s, ('R,R a U a K 4 , in equal 
amount* is produced, in which the components are yet to 
!> sepnmteil. It is well known that in the organism, on 
ih' other hand, the antipodes t*ccur separately, ^. jr. tartai'ic 
arid oiitnitted From grapes i the activ(. dextrorota,ry 
hioditicntiott, 

The tiH*thods of reparation nvailahh* may lui yroujHMl 
a.H J"ollt\vs ; '= - 

(tt) .Mfthoiis luisd rn the plienotnena of solution. 
() So-culled spoutan*ous separation. 
(ii) Sepumtum hy m*Hns of active compounds. 

(I*) Method* l.ii.Hi*d tin chemical hchaviuur, clejHndin^ on 
tin* uctinn of ffixtuf's nnd 



i/H tniH't/ mi tin 1 l*hcnwnen(t< (if tftt 

(tt| tfjiitntrtttMniti wjHinitltm. Ki*parittion of the optical 
antipodes IM r*ttdt*ri*(ifiifHcuit ly their wimilarity of heha,vio\ir 
in nttuoNt every tVHpert, f*sp<*ially their e<|ual noluhility; 
iiion*ov*r, flu* iHoiners mostly unite, to form a no-called 
mcimir lidy, HM in the classical exumple of tht^ raec^ini(t 
acid precipitfttrti on mixing ctirtcentrated solutions of the 
irnii op|Ksit*ly m*tiv* twtiirie ucids. 

Th ftiri diHfovi*nl ly l^tnttHir, that tho substances do 
not nhvnys appear toj^vther in this way, but that, a g., from 
thi/ Holuiiun of tin.* hudiuw-atnmonium Halt of racoiaic acid 
luitvu- jitid iluxtro-Hoiiiuia-amtnoniinu tartraten 
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side by side, led to the first actual separation. This fact 
has since acquired a certain general interest in natural 
philosophy. Pasteur, who held the view that optically 
active compounds could only be obtained by the action 
of living organisms, attributed the so-called spontaneous 
separation to the action of germs in the atmosphere. 
Wyrouboff opposed this view, and since then the mechanical 
explanation of the separation has become clear, viz. that 
separation takes place regularly when the mixture of the 
optical antipodes is less soluble than the racemic substance. 
The phenomenon depends on temperature, and for Home 
bodies occurs only under restricted conditions of temperature, 
as will be seen from the following more detailed account 
of particular cases. 

Stadel found that the solution, which in Pasteur's hands 
yielded the two sodium-ammonium tartrates, gave him only 
a sodium-ammonium racemate; this was more thoroughly 
investigated by Scacchi, whilst Wyrouboff found that the 
appearance of one or the other from solution depended on 
temperature; that if supersaturation wan avoided the 
mixed tartrates appeared below 38, the racemate above*. 
Van't Hoff and van Deventer 1 then showed that we have 
here to do with a transition (Part I, p. 25). Just as with 
Glauber salt, the separation of hydrate (Na 2 8() 4 . loILO) 
or anhydride, according as one works below or above 33, is 
associated with the complete transition of the salt at 33, 
according to the equation 

Na 2 S0 4 . 10 H 2 O = Na,S0 4 + 10 H a O, 

so the alternative crystallization of mixed tartraten or oL" 
racemate is associated with a transition taking place at 28, 
according to the equation 

CC 4 H 4 G NaNH 4 . 4 H.O + t)C 4 H 4 NaNH 4 . 4 H,( ) = 
(0 4 H 4 6 NaNH 4 ) 2 a H 2 + 6 H 2 (). 

The two phenomena may be observed in the name manner. 

1 Zeitschr. f. Phys. Chem. i. 173 ; van 't Hoff, Goldchmidt, JoriHBOii, 1. c. 
17. 49. 
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The transition id* < Haulier salt appears as a molting point, 
and enn 1 determined rither as the temperature at which 
that- salt melts, or that at which a mixture of anhydrous 
sodium .sulphate and water freezes, Beekmann's apparatus 
for e \aet determination if melting points is admirably 
ailapted to the obsrnat ion. 

Tin* Mime ran le done for the formation an<l deeomposi- 
I ton of rneetnafes, 'Mid in that \vay, e. ^., the temperature 
(40 'I tit \vhteh ntltidiutu raeemate splits Up into the optical 
antipodes hits hern determined * 

Siiiiv, httWeuT, ii somewhat lar(t amount of material 
i* in'^dtni t* d*t*rmiiH* transition temperatures in this way, 
tht* dUntomHrie proerss tlrseriht*fl in Part K p. -i,> in which 
the chftii^v iif \t!unti* aeeompanyiny transition is USIM! 
as indieatioit, ts ot'tru ti le preferred. A dilatometer lilled 
with tht* turtrati* mi\tun, e. y, t pive, as indicataon of the 
tntit.Ntfi*tn of tin' Modiuiu-amnmnium tartratts into raeematc, 
the t'ulltmiu^: n-adin^s of tlu* level of the 



Tit** tM*!iver.si*n. tht*n*fr<\ took placu hetwet^n a6/ and 
i7*7'\ with nit expaiiNitui equivalent to a rise of the liquid 



A? 5 * in thr i'lt^riif I ttiuitter suit, HO in thai of the rueeimite, 
tin* fntn*4f i**u IH c'oiiiii'i'ted with it singularity in the solu- 
bility <-urvt. ThiN for (tlnut*r salt nhcjws a hreak at ;M", 
du* t th- itffir>4Tf!ti!i tit that temperature of two solu- 
liilitv c'lii'Vi'H. onr rriVfi'in^ to the hydrate, t-he other to the 
zuil>diidr il'art ! 4 j*. (*h). The Inllowiny nuuthern, taken 
fruiii Lu'rti-!, \\ill w-rvr to illuwtrntt this; they u'ive the 
urihl *f niihy*lrus sodium Hulphate per too parts of 
v\att-i' in lh* Mtturutrtl sotutinn : 

.'Mif.tuifj ^ ;it'ii-i s ij y>(| i>'' 34" 



.|*l'*|t !.|t.n' 49'3 6 

f, MlUW, lr! llr.T, 3. uuoo, 
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The numbers show that below 32-65 the solution satur- 
ated for anhydride is supersaturated with respect to 
NaS0 4 . 10 H. 2 ; here we are clearly dealing with the 
well-known supersaturated Glauber salt solution. Above 
3^-65 the state of affairs is reversed, and the solution 
saturated for the hydrate is the more concentrated. The 
two facts accord with the reversible transition in one or 
the other direction. 

The tartrate mixture and racemate show precisely similar 
behaviour. For 100 molecules of H 2 there were found, 
expressed in molecules of C 4 H 4 G NaNH 4 : 



For Saturation with 
Tartrate mixture 
Racemate . . . 



16-7 
2-43 



27 
3-86 
3.86 



Only the solubility curve could not be followed out higher, 
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because a second transition into sodium and ammonium 
racemates takes place. For this reason rubidium racemate is 
better suited to show the point, having a corresponding tran- 
sition at 40. Measurements of solubility gave, expressed 
in molecules of C 4 H 4 6 Eb 2 for 100 molecules of water: 



TRANSIT/ON OF STEREO-ISOMERS 



in 



&ititrntit>n jn'/i 
Tartr;it mixlmv . 



jtxj ' 40-7" 54" 

13-4^ 13 3 ilVmo A'B Pig. 20, 
t;mH ~ --. (Lino AH ,, 



\VhiLst, therefore, comparison with a simple transition 
between two hydrates. (HH of (llauber salt) brings out 
*'vid*'iit relationships, there is a difference to be noted, 
for th* formation ur (it*t*oiupositiini of a racemate is not 
a siwplt* ft>uv*'rsi*ui nf one salt info ivnotlier, but of a sa.lt 
mi \tutv (, tart rat t*s) into a. single salt (racemate) or vice versa,. 
KrmvmU'rin^ this, it is rlearly t-he formation or decomposi- 
tion of tluublr salts that should he quoted as analogy, and 
\v will th**r 4 t\n* ilesrribe what is essential In the relations 
ui* snluliiltty itt tin* transition ttmperaturt^ in such cases. 
(See Pnrt I, j. Hi,) Lrt us taUr the formation of astrakan- 
it, tltt* sodium-ma}4n*shnii sulphate, Na^.M^SO^j.)^ . 4 H.,(), 
from its iimjm*nts, Na r ,S() t . ioUJ) and M^S() 4 . 7 H.,(), 
\vhirli tnki*H plnee at. M" ai'fordin*^ <-o the eijiiation 



M tfSt ) 4 , 7 1 1 ,( 



} 2 . 4! L( 



Hnv, again, we have an apparent fusion that may be 
followed by thr f Itrnutiiiirter or dilatometer. 

We tiuw find, in the behaviour with regard to solution, 
itrw ivlatiuns to the formation of a raeemate. These 
appi*ar in tin* Fart that at **' three solubility curves inter- 
sect, From lw f,i'tiipi*riitiirtH up, \vt* Itavi^ tlu* solution 
naturatrd tV*r fit** two sulphates (i); at -22' formation of 
ustrakatutr ^-ts in, and according an there is excess of the 
Mtdttttti r uia^iu"*ititu salt, we rea.ch ii('ht*r thcs curve 1 of 
wi!iiritfiiii for a^trakauit** and sodium sulphate 1 (s), or that 
at* liiHlrftkitiiiti* mid nmgtu'siuiH nulphate. Schematically : 

,. ioH..O 



sntitr IM in 

n^ fur lit*-* 



i'xpc'tiMl For the formation of raceniate. 
Milt from low temperature. 
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to 27 the saturation curve for the tartrate mixture 
(i) holds; at 27 formation of racemate occurs, and if the 
two tartrates are present in equal amounts, we obtain 
the former racemate curve. If one or other tartrate is 
present in excess, we come in the one case to the curve of 
saturation for racemate and dextro-tartrate (2), in the other 
to that for racemate and laevo-tartrate. Schematically : 

/(2) Racemate + QTartrate 
QTartrate 4- ^Tartrate (i) / 

27 \ (3) Racemate 4- ^)Tartrate 

The results of such measurements of solubility may best 
be represented by a model, in which the quantities of the 
two salts are measured along two perpendicular planes, 
whose line of intersection constitutes the axis of tempera- 
ture. The solubility curves then lie between the two 
planes, and any projection of them can be obtained, such as 
Fig. 21. 

The essential difference between the formation of a 
double salt and a racemate now appears in the symmetry 
possessed by the latter case, due to the exactly equal 
solubilities of the optical antipodes, whereas the components 
of a double salt have in general different solubilities. The 
number of measurements needed to prepare the model is 
for this reason smaller in the case of the racemate, and it 
is only necessary to experiment with the racemate, or 
inactive mixture, and one of the antipodes. This is the 
case with rubidium racemate : only here the phenomenon 
is reversed as compared with double-salt formation, for the 
formation of racemate takes place at lower temperatures, 
and in the equation 

(Rb 2 C 4 6 H 4 ) 2 . 4 H 2 ^ 



the left-hand side represents the form stable at low tem- 
peratures (below 40-4). Thus, what in the preceding 
equation came on the left, the tartrate mixture (i), comes 
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hero on the right, and conversely the mixture of racemate 
with the respective tartrates (2) and (3) comes here on the 
left. 

Solubility measurements of the racemato-tartrate mixture 
gave per 100 molecules of water, expressed in molecules 
of Rh.ty> H 4 : 

r~-l l 



Temperature 



r- Tar (rate 



S5 W 9.15 

30 8-46 

35 7-8 

4-G"4 (1 . . . 6-74 



War (rate. 

a.8 

4-1 r 

5-" 
6. 74 



0-531 
0-346 



Fig. ai is the projection of a model that represents those 
data. T is the axis of temperature; dextro-tartrate is 




at* ,:u 

:.:.u.'JLiJj. 



Fig. 21. 



weiuwred tipwardn, laevo-tartrate downwards, so that li /f B 

represents the data just giv<m ? while AB and ;BC correspond 
to thorn* that are also drawn on Fig. ao, and refer rospoc- 

1 Th wny in which ilia r^lnlivo (XCSH of ono nntipodc approaches xoro 
in vry cliarnctorittxe of the trannition temperature. 

H 
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tivoly to raeemate without excess of cither active tartrate, 
and to the tartrate mixture. To complete the figure, in 
the plane of tho dextro-tartrate, the line UK' is drawn for 
the Holubility of tho dextro- tartrate alone, from the data 

a5 n ...... xooII.jO xo.Q KboOjOgH 



We may now, on account of the solubility of the two 
antipodes, draw on the same figure s" and ss' as ex- 
pressing saturation with raeemate and lue.vo-tartrute, or 
with the latter alone, and joining these various lines by 
surfaces we have 

area uu'nui" saturation for dextro-tartrate ; 
HS'CWH" n Inevo-turtrate ; 

It" US" *, rucemate, 

The bounding lines refer to saturation for two suits; the 

point it, in which they meet, to Hatitra.tit.JH for all three. 

According to what precedes, inactive bodies containing 
asymmetric.! carbon may be divided into three classes: 

i. Those, tin* most, that appear m nieemle form, like 
racemic acid, and whose tranwtion point is HO far removed 
from ordinary temperatures that they appear from tln 
inactive solution practically only as ruccmoids; the race- 
moid here has a much smaller solubility than th inactive 
inixturn, 

a. Others, rarer, that appear split up, like gulonic luctont* ; 
here, the racemoid has a much greater wilttbility than tin* 
inactive mixture, 

3, The third, category meludeH the rarest CHHCH, no far 
observed only in Nodiuw-ummonium rneenjttte, ninnumium- 
bimalate, rubidium, mwl jK>toiHHium riieematcH und methvl- 
inannoHid, in which, according to the temperature. cas* 
j and a meet, so that a tniitsition ptinfc m^mriiteH the 
regions of the two phenomena. 

($) Sppamtion by fonnintj wt/fn mfh active acid* and 
bases. A method very atxitablo for separation* when dealing 
with bases or acids, is to combine with mutable active 
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substances to form salts. The method was first applied in 
the case, of raeemie acid by Pasteur, who saturated the acid 
with einehonine and found that the einehonine salt of the 
laevo-acid crystallized first ; tins has then obviously a 
smaller, and therefore a different solubility 1 , in accordance 
with the general rule that, so soon as asymmetrical optical 
antipodes combine with the same asymmetrical active sub- 
stance, a compound results no longer answering to a pair 
of reflected images, as appears from Fig. 22. 

The two larger triangles represent dextro- and lacvo- 
tartaric acid, the two smaller, einehonine; the dextro and 
laevo combinations cannot be arranged 
symmetrically to one another, and con- 
sequently differ in their properties like 
ordinary isomers, e. g. in their solubility. 
.Direct measurements of solubility have 
not yet been carried out for such a case, 
HO that the question is still undecided 
whether raccmism Is possible in it, with 
a transition temperature in the, former sense 2 . If so, the 
phenomena would be strictly comparable with the behaviour 
of double salts, 

(//) Methods of Reparation depending on Chemical Action. 

Reparation by wet win of (mzyweM(tnd organisms. Separa- 
tion by means of enzymes and organisms is really the same, 
for the function of an organism in such cases can be traced 
to tins action of peculiar substances formed in the organism, 
and given off by it, to which the name of enzymes has been 
given. An especially interesting example of this is to be 
found in the isolation effected by Buchner 3 of the enzyme 
of fermentation, zymase, from yeast, by breaking up the 
yettst-eells (by nibbing with glass) and pressing out. If 
we combine this fact with the discovery of Fischer 4 , that 

MnrokwaM, lltrl. /fcr. 31. 786. 

JUulwiImrg, I. <% 31. 5*14, 937, 1969 j Kttbtor, 1. c. 31. 1847. 
8 L c. 31. 568, 1084, 1090. * 1. c, 2^3. 

H a 
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only ordinary glucose, i. e. cZ-glucose, is capable of fermenta- 
tion, but not its antipode, Z-glucose, so that the latter may 
be prepared from the inactive ^'-glucose by fermentation, 
we have a good picture of what is so far known with 
regard to this subject. The mode of action of the enzyme 
is still completely unknown; it may be mentioned, however, 
that in some cases (conversion of maltose into glucose l ) the 
process is reversible, the possibility resting on fine details 
of constitution 2 . 

2. Single Carbon Linkages and Compounds with more 

than one Asymmetric Carbon Atom. 
The principle of free rotation. Whilst so far we have 
dealt practically only with simple asymmetry, in compounds 
of the type 



we have now to turn to single linkages between several 
carbon atoms and the appearance of multiple asymmetry. 

It is a consequence of the fundamental conception of 
stereochemistry that in such single linkage one carbon 
atom lies at one of the angles of the 
tetrahedron 3 at whose other angles are 
the three groups combined with the 
other carbon atom; this is shown in 
Fig. 23. The line joining the two carbon 
atoms is thus fixed, leaving the three 
attached groups capable of rotation 
about it. Different positions of these 
groups causes an isomerism that has 
Fig. 23. so far only been observed in rare cases, 

and perhaps not certainly there 3 . Thus 
the mutual action of the groups attached to the carbon 
atoms seems in general to determine a single (preferential) 
relative position, corresponding to the only known, actually 

1 Hill, Journ. Chem. Soc. Trans. 1898, 634. 

2 Fischer, Eedeutung der Stereochemie fur die Physiologic; Zeitschr. f. Phys. 
Chem. 1898, p. 60. 

3 Aberson, Die Apfelsaure der CrassulaceSn ; Berl. Ber. 31. 1432. 




Tiro ASYMMETRIC CARBON ATOMS n 7 

prepared compound. This position may lie chosen so that 
the six groups combined, with the two carbon atoms lie 
opposite one another in pairs, as in Fig. 23. 

Xuinlu'r vf 'iwnnew hi ^m-uUlple asyn^nelry. From the 
st.an<ipoint thus adopted the number of isomers is only 
increased by single linkage with a second carbon atom 
when a new asymmetric grouping is so introduced, as c. g. 
in a compound of the general type 



The number of Isomers in this case is two on account of the 
one carbon atom, and is doubled by the presence of the other, 
consequently four. In the same way, if u such carbon atoms 
unite the. number becomes A n . 

The arrangement and behaviour of these isomers may, 
in the ease of two asymmetric carbon atoms, be made clear 
by the use of Kekulr's wire model, and may be 'represented 
on a plane- by appropriate projection. Taking for that 
purpose Fig. 23 as starting-point, R^R,,, R 4 , and H f> lie on the 
plant* of the diagram ; then R ;l may be brought into it by 
rotation upwards, about an axis passing through R t It,, and 
R n by rotation downwards about an axis passing through 
R 4 R v We thus get the substance represented by tho 
formula No. i following, and the three isomers are 
NOH. 2, 3, and 4 : 

A'n. I A'*'. ^ iV. 3 A f o. 4 

It, It, It, It, 

R.CK,. IUIR, K,0lt, IUJR, 

IMMtJ R 4 OIL R ( CR.; lt;<JR 4 

It appears from this mode of representation that the four 
i.Hoiwrs are arranged in pairs 2 and 3, i and 4, each group 
including two configurations behaving as opposite reflected 
images, and are. thus the expression of optical antipodes 
like* those that occur with a single* asymmetric carbon atom. 
This behaviour is still more, easily understood, by con 
hiduring the optical rotation dm; to each carbon atom 
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.separately, which we may write A and If, A and It. 
The rotations then are : 

AV). i A*f. a AV>. 3 ]Vo. 4 



These possibilities art> easily realised hy combining an 
acid and base, each of which occurs in two opposite active 
modifications, such as lactic acid and confine. The four 
possible salts then are: 

A'>. * A'o. a ,Yo. 3 A',,. 4 

/ + # _ -<d + yi_/f -4-7?. 

<Murtit:tit?iti. t/-nmiim< /Jut'tn' lu'itl, /*'! nn' '/Inrtir.uriii. /.coniino /"l t ti-ari<l. /-ffuiin* 

As an example of this fourfold isomerism in a single body 
the dihromoehmamie acids ma be chosen : 



The two asymmetric carbon atoms are distinguished by 
underlining. It is well known that Liehermann succeeded 
in obtaining from cimmmie neid, C rt H,,( *H< *H( 'OOII, by 
additioti of bromine, an inactive mixture 1 or racemic com- 
pound which could he split up into the pair of the one type. 
The other pair was obtained in a similar way from atlo- 
einntimie acid, which is Isomerie with ehminnie acid. 

1 inn'ttw Ufitlt'i'ttiH/HMttlt/*' ////>''. A separate discussion is 
required for the case, which may be regarded as a special 
c*HHe of the above, in which the atoms or groups attached to 
the two carbon atoms tuv similar In pairs, i,e. 

R, = H,, R a = H 5 , H., ^ H,, 
as in tartaric uciil, 

COOUOHOHCUOIlCt )()!!. 
in which 
R, = R 4 = H, R, = K fl OH. R, = H t) ( :( H)JI. 

The four fonnor syntholH tlicn l>m: 

R R, U, H, 

R OR R (lit R (It R (II 

~ 1 '"" 1 u*CRi nJcR* icV'it' 
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The rotations corresponding arc: 

.NX r *V>. a A T o. 3 



since in No. i the groups round the two carbon atoms are 
reflected images of each other, and therefore produce equal 
rotations, but in opposite senses. There arises, therefore, 
an inactive type that is not capable of decomposition, 
NUN. t and 4, which, however, is represented by only 
a Kindle substance, since i and 4 can be made to coincide 
by rotation* and, therefore, symbolize one and the same 
substance. Tin* facts as to tartarie acid completely verify 
the expectation, for wo haver. 

No. a and No. ;|. The two active tartarie acids, together 

with nteemle acid, their compound. 
No. i or No. 4. Inactive tmdeeomposable tartarie acid. 

/SVfvw/ (tM/Mint'trtc mr/w// nitwit*. In this ease, it is an 
advantage to ust% instead of KekultVs metallic, model, that 
of Pnedliinder, in which each carbon tetrahedron is 
repreHettted by four rubber tubes united in the centre, 
whilst little stieks of wood inserted in the tubes Hinder 
possible mutual connexions, or servo to indicate the 
attached atoms or groups by means of coloured balls on 
the ettda Tho carbon atoms joined together, giving 
a Mubstanciu of tlie general formula, 



are expreHsiblo, according to Fisclter's suggestion, by bond- 
ing r upwards about the axis ah, and k downwards about 
the HXIH ftj. Kv<rything in then in one plane, and can be 
shown upon paper. The a tt = a :! = 8 possibilities for the 
eiiHe.H of triplo UHyininetry arc then as follows : 



A'<. I 

r 



tll'e 



k 



3 


4 


5 


6 


7 


8 


C 


C 


fJ 


C 


C 


G 


aOb 


aOb 


?;6\r, 


W<t, 


IC<* 


hOa 


e(U 


e( 1 d 


t/6V] 


dCe 


eOd 


eCd 


/(//; 
A 


'A 


k 


' h 


h 


gCf 
h 
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There arise therefore four types, each including a pair of 
antipodes : 

i 8 2, 7 3, 6 4, 5. 

As an example we may take the pentoses 
CH 2 OH(CHOH) 3 COH, 
and considering only the types, we have 

CHoOH 



Nos. (i, 8) 

HCOH 


(2,7) (3,6) 

HCOH HCOH 


(4,5) 

HCOH 


HCOH 


HCOH HOCH 


HOCH 


HCOH 

N 


HOCH HCOH 


HOCH 

^*- 


COH 



Actually these four types are found, in arabinose, ribose, 
xylose, and lyxose, of which arabinose is known in the two 
oppositely active forms, while of the other three types one 
antipode of each is wanting. 

A definite choice of one of the four formulae, say for 
arabinose, may now be made on the .following two 
grounds : 

i. Arabinose is oxydized to a glutaric acid, 

COOH(CHOE) 3 COOH, 

which is active. In this way the possibilities Nos. (i, 8), 
and Nos. (3, 6) are excluded, since they would lead to 
a glutaric acid with symmetrical configuration, and there- 
fore of the inactive undecomposable type. 

3. Glucose and mannose are formed from arabinose by 
replacing the group 

COH 

with HCOH 
COH, 

two isomers of the formula CH 2 OH(CHOH) 4 COH being 
produced; first, according to Kiliani and Fischer, hydro- 
cyanic acid is added, the iiitril produced converted into 
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acid, and the acid Into aldehyde. These two isomers, 
glucose and mannose, art* converted by oxydation into 
saccharic and mannosaceharie acids, with the formula 
a>OH(niOH) 4 (HX)H, which are active, a fact only 
compatible with type a, 7 which leads to the bodies 



coon 


COOH 


1 ICO II 


neon 


neon 


1ICOH 


11 T1< I 




HOC! 1 iml 


HOCII 


HOC 1 1 


IICOII 


coon 


COOH 


whilst type 4, 5 would lead t.o these: 




coon 


coon 


II CO II 


noon 


HOC'! 1 . 


IIOCH 


Jl T U 1 




uocii aul 


IIOCH 


IIOCII 


neon 


COOII 


coon 



of which the latter is symmetrical, and belongs to the clays 
of inactive lUHleeompuHable inodiiications. 

Whilst therefore the. configuration may, reantming from 
tlu* uwssnry symmetry of tlie inactive uudcconiposable 
!ypc be traced out into detail, it remains tmdeeided which 
of tin* two i'uantioinorphie formn 2 and 7 IB to bo identified 
with a given arabinow. 



cn.on 
ntjon 
neon 
nocn 
con 



CII.OH 
nocii 
HOCJH 
neon 
con 



3. DrnMt: Lhikttye and Hint] .Formation. 
Curl't'ii tlintMt' Inikittji'. may ho. ivprcsentc.d gi-aphically 
hy a puir e,f ictrahcdni, an in Fijj. 24, which are HO connected 
us to UHO uj> two houda on each side. The other 1'our then 
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lie in a plane, and the configuration of a compound, 
(!(til>)G(c<l)> is expressible by the formula 



or 



' v 

'I 




which shows at the same time that there are two poHHihiH- 
ties, and that whether the two atoms or groups alt 
combined with carUin are the same as or 
different from **/. It w well known t hat- 
in this case also tsomerism w found, and 
we may discuss this more fully by con- 
sidering fumaric and mnleic* aeid, These 
two acids an* expressible by tin* formulae 

COOW'H COOHCH 

I! and !! 

COOIKMI Ht'COOM 

and correspond in their behaviour to what 
might bo expected from the difference between these eon* 
figurations. 

In the first place, we lire dealing with an isomerism of 
quite a different kind to that due to it single nttytuntctrir 
cai % lx>n atom, Tin* formulae an* symmetrical, and HO there 
is no optical activity and enantioworphisw <*f rrystaHim* 
form to 1m expected; but, on the other hand, wi* iwtst not 
<*xpeet the exact ngreemeiit in pnpert5f*H-- spi*eifut gravity, 
molting point, &e,~ which in prcnluced by the agreement 
in internal structure when iHoineriHiii in dm* to mi 
symmetric carlon atom. If we follow out the. ditlVrenres 
further, we find them in very gowl ntTunl with the 
conception of their Internal structure arrived ut. In the 
first placii, one of the acids maleie, given, an anhytlritlo 
very easily : j.j ( * .,, . ( j( ) 

II >0 



which in in accordance with the proximity cif tit** two 
carlx>xyl groups in the formula. In the ttuccmti place* UIIH 
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same acid is the stronger, as might be expected from the 
influence exerted by the. oxygen of either carboxyl on the 
other carboxyl group, which is close to it. The dissociation 
constants, which are closely related to the strength of an 
acid (Part. I, p. 137), are respectively 1 

A".vi/. = r-i7 A r /,-,. = 0-093. 

Thirdly, the acid salt, of maleie acid is weaker than that 
of fuumrie '% just because in the ions of these salts, 

IICCOO HCCOO 

iiocooH COOHCH 

tli* negative charge opposes further dissociation, and does so 
ujotv strongly in maleie: acid, as being nearer. The quantity 
dissociated, found by means of the rate of inversion, is 

r. /Ji.fN. Mttlfir Acid Dins* Fttmnrir. Acid 

I all 0-55 i.$a 

M6 0.9 itt a-74 

Finally the above fomndiu^ an*, confirmed by the rosxilts 
of oxydation in aqueous solution. Permanganate gives 

witii umlfio aeid, on taking tip hydroxyl, inactive undecom- 
posablc tnrtnri(! ncid, a.s is to he expected : 



iiaxxm 

ii 

HGCOOH 



. 
filvos 



Oil 

HCCOOH 
HCCOOH 

OH 



whilst fiunuric acid given, under the same circumstanccH, 
raccmic acid : 

HCCOOH, 



glVCH 



COOHCH 

OH 

HCCOOH 
COOHCH 
OH 



and 



COOHCH 

II 
HCCOOH 

OH 
COOHCH 

HCCOOH 
OH 



.f. Phya. Cliam. 3. 380. 



. *'l. o. 35. iH** 
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Ring formation* Finally we may consider the leading 
conclusion of stereochemistry as applied to the formation 
of rings, and in particular to the case of trimethylene 
dicarboxylic acid, 



H 2 C HCCOOH 



HCCOOH. 

Representing such a ring in the following way : 




with the six attached groups at I to 6, there are these 
possibilities : 



No. i 
II 




H 




COOH COOH COOH II II COOH 

Formula i represents a symmetrical, and therefore inactive 
form ; Nos. 2 and 3 a pair of asymmetrical images, 
consequently active. Actually two inactive isomers are 
known, of which perhaps one is the unseparated mixture 
or racemic compound of Nos. 2 and 3. 

4. Stereochemistry of other Elements. 

The spatial considerations applied with so much success 
to the carbon compounds may be extended to compounds of 
other elements. We will here only mention what refers to 
nitrogenous bodies. 

First must be considered the possibility of separation 
into optical antipodes, suggested by Le Bel in the case of 
isobutylpropylethylmethylammonium chloride : unfortu- 
nately the researches on this point are only fragmentary, 
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ami it is at present uncertain if the observed activity is to 
he ascribed to an active ammonium chloride. 

< >u tin* either hand, isomerism in bodies of the type 



N 
Y 

in fully established, both In tho aeetoximcs which arc 
derived from an asymmetrical ketone, i.e. 

ACB C U 5 CC C H 4 CI 

such an 



N 
Oil 



N 
OH 



and in the aldoximos which correspond to tho special cane 
It = II, a simple example being aeetaldoxime : 

HUM, 

II 
NOIL 

The two isoiuorN thus arising are. inactive, but differ 
physically like ordinary ISOIWTH, ami chemically, amongst 
other ways in that* one compound easily gives off water 
with formation of a nilril, which may he supposed due to 
proximity of the hydroxyl to hydrogen. The structural 
diilerettee in therefore to lie expreHKed by tho formulae 

HCXJli, HCOH, 

I) ' and || 

110N NOH 

which recall thorn* of fumaric and maleic acid 

('tuit't'ttdiii<i rwutrk on> xt(yWMhGm!.ntn/. AH in doter- 
miuing coimtitutionH in the earlier eases intramolecular 
displacement of the atoms may lead, to wrong conclusions, 
making it desirable for a satisfactory determination to 
hiive two lines of argument, HO in tho more exact deter- 
mination of configuration in stereochemistry the name 
thing must be lionus in mind. Hueh direct changes have 
indeed often been observed within the region of stereo- 
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chemistry, e.g. the active bromosuccinic esters gradually 
lose their power of rotation, by becoming converted into 
a mixture or compound of the optical antipodes 1 . This 
phenomenon is one especially noticed in halogen, and chiefly 
in bromine compounds, and probably explains why reactions 
carried out on such compounds have often given quite 
unexpected results ; one of the most remarkable instances 
is that active bromosuccinic acid gives one malic acid with 
alkalies, but with silver oxide the optical antipode 2 . At 
present, therefore, these halogen compounds should, as fax* 
as possible, be excluded from determinations of constitution 
in this province. 

3. TAUTOMEEISM. 

The phenomenon of tautomerism is that a compound 
shows an apparently different constitution according to the 
reagent that acts on it. This has been observed, e. g., in 
aceto-acetic ether, C 2 H 3 OCH 2 C0 2 C 2 H 5 , and led to two 
constitutional formulae, one proposed by Frankland, 

H 3 CCOCH 2 C0 2 C 2 H 5 , 
and the other supported by Geuther, 

H 3 CC(OH) = CHC0 2 C 2 H 5 . 

The first formula is based, inter alia, on the fact that 
with potash a decomposition takes place with formation of 
acetone, 

H 3 CCOCH 3 . 

The second is in accord with the formation inter alia of the 
body : 

H 3 CC = CHC0 2 C 2 H 5 

N(C 2 H 5 ) 2 , 

by the action of diethylamine, HN (C 2 H 5 ) 2 . 

The explanation of this peculiar behaviour was sought 

1 Walden, Berl Ser. 31. 1416. a 1. c. 



fur by Laar 1 in a movement of the hydrogen atom, indicated 
in the following Hym!xl: 

HjCVII (XUUL, 

'* A * *i *' 

<) f 

^,H. 

It ha* of lute I teen suggested- 1 that tautomorism corre- 
sponds to u mixture of two isomcrH in chemical equilibrium. 
Fundamentally fhe.se two conceptions agree, only the first 
is tin* nmleeulnr-meehnnieiil view of the fact formulated in 
the latter. We will therefore recount the facts on which 
the latter formulation is based. 

In the first place the supposed inomerLsm has been 
observed in certain eases in closely allied bodies. Wilhelm 
Wisliecnus :i observed this, e.g., in formylphenylaeetic ether, 
which is very similar to aeeto-acetic ether. Obtained from 
ethyl formate and phcnyl-acelatc,: 

I!C J Ch(Mf ll 4(\,H^Jli.CO.tlH ll = HCOG(0 ( ,H 5 ) 



the biwly in question behaven an if containing hydroxyl : 
If COH. = 0(0,11,) 0.0.11^ 

*, g. it gives an uddition product with phonyl-cyanate, 
CK\\*(\J! V On melting findeiinitely between 60 and 70) 
an alteration sets in ; Holidifieation does not take place, and 
the substance, now liquid at ordinary temperatures, retains 
indeed tlw same molecular weight, but colours with ferric 
chloride, and IwhaveH Uke an alclijhyde. Thin modification 
is known as the ' al<lo-fonn * (tho former as *enol- '), and is 
by tltu formula 



The reconversion is aceouiplishtul by potassixiin carbonate, 
in which tin? solid compound at once disaolves, but the 

J IkrI, far. 18, 648, 19. 730. 

^ K/riiwWf i. . 39. 17x5, 

1 1. o. 118. 767 j Uuthzwit, 1, c. 31. 3753. 
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liquid only slowly and with transformation into the other ; 
on treatment with acid and shaking out with ether the 
enol-form is recovered. It may be added that the two 
formulae might be confirmed by the fact that the first 
compound should exist in two isomeric states, like fumaric 
and maleic acids : 

HCOH HOCH 

|| and || 

C 6 H 5 CC0 2 C 2 H 5 C 6 H 5 CC0 2 C 2 H 5 , 

while the second, containing an asymmetric carbon atom, 
should split into two optical antipodes. 

As a second item towards the explanation of the be- 
haviour of tautomeric compounds, Kiister's 1 proof should 
be mentioned that a mixture in chemical equilibrium can 
actually be obtained by means of partial transformation. 
The body considered was hexachlorketopentane, C 5 C1 6 0, 
which is obtainable in two isomers, distinguished as /3- and 
y-compounds, with the probable constitutional formulae : 



and 



Actually the /3-compound is distinguished by forming with 
aniline in alcoholic solution a slightly soluble anilide, 
which is made use of to determine the proportions of the 
mixture. 

On heating, each isomer suffers a transformation leading 
to a mixture in chemical equilibrium that shows all the 
characteristics of a tautomeric compound. The formation 
of this mixture was followed out at 210-5. Measured 
amounts of /3-pentane were heated for a measured time (t), 
and after sudden cooling the fraction (x) converted into 

1 Zeilschr.f. Phys. Chem. 18. 161. 







JL/i 


iUlUll 


<2KJL2>m 


125 


y-pentane 


determined 


The 


following table contains 


the 


results ; 










t 


K i;i hiHtrti} 


r 


-ilog(i-a.59ix) 






o 












i 


0*046 
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0-0566 
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0-304 


056 1 






18 


o35a 


0-0588 
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3 


0.386 


_ 





Tin* final quantity o*;]B6 of y-peutanewan practically the 
same us the 0387 left on heating pure >-pcvntaiic for 
Hixtwn hours ut aio\ p /', an<l the, course^ of the reaction 
mnvsponds to the i^juntion that may l>c expected in such 
a truusi'on nation : 



that is, two unhnoleeular procenseH goinjf in opponitc senses. 
la tin* tinul condition 

f * ' =K o H(> that A* (i .r) = & t a?, 

| uttd since 

I ii* = o*3H6, /tj A = i -59 1 

'$ sti thiit 



must IHS rtiiiHtiint, us Uut third column of the above table 
shows. 

li iimy !* inlflin! that Wniden olwerved the Haiuo atato of 
iMjuilihntua lwt\vtMn twoisomens in the spontaneous forma- 
tion of mfpjuatfs. Aetive bnmoHtieeinIc ethyl enter, e.g., 
yrudually IOHOM UH activity by tniulbnuatiou into a mixture 
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or compound of the optical isomers. The equation to the 
change is simplified on account of the similarity of the two 
opposing reactions, for 

AJ = K I} 

whence 

dx 7 / x 



Finally the behaviour of aceto-acetic ether, apparently due 
to mutual transformation at ordinary temperatures, is most 
peculiar. The phenomenon has been accurately studied, 
especially by E. Schiff 1 . He concluded, on the ground of 
the formation of the two isomers, 

H 3 CCOCHC0 2 C 2 H 5 H 3 CCOH = CC0 2 C 2 H 5 

| and | 

C 6 H 5 CHNHC 6 H 5 C H 6 CHNHC H, 

Melting point 78 Melting point 103 

with the aid of benzaniline, 

C H 3 CH = NC C H 5 , 

that aceto-acetic ether is a mixture of two isomers : 
H 3 CCOCH 2 C0 2 C 2 H 5 and H 3 CCOH = CHC0 2 C 2 H 5 , 

i. e. the keto- and enol-forms respectively. This view was 
confirmed by the fact that different preparations did not 
yield the isomeric benzaniline derivatives in the same 
proportion; one obtained from Kahlbaum giving the pure 
enol-form, another from Marquardt giving a mixture. 

The measurements of Traube 2 point to the same con- 
clusion, indicating a slow change in the density : 

1-02443 ...... 15 minutes after distillation. 

1-02467 ...... 20 hours later. 

This went hand in hand with a change in the behaviour 

1 Berl. Ber. 31. 603. 

2 1. c. 29. 1715. See especially also Schaum, 1. c. 31. 1964. 
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I owanls ferric chloride The phenomenon was more striking 
in rthyl-uleoholie solution: 

<-K.W*> ....... after 10 minutes. 

'5<>3 ......... 1 1 hour*. 



o-tto0t>6 . ...... ,, 

hi chloroform this was not observed: 



....... nftor jo xuinutoa. 

I '4 aa 73 ....... 4 hourn. 

It is questionable, however, whether in alcoholic solution 
tin* process 



did !ut' oeetu*. 

Whilst, tlu'ivfon*, the latest inrornuition j)oints to a 
fjtutcmierie eouipouiHl lintr a mixture in equilibrium of 
two isomrrs it inay be r*'iuarkeo! l that such a phenomenon 
is only possible in a liquid or .solution. In the solid stair 
*ui* or oilier compound must be the stable, form, and the 
two can only eorxist at the transition temperature. Liquid 
or dissolved, however, the condition of equilibrium is 
mtbJH't to jrn<lunl displacement with temperature, BO that 
11 mixture in equilibrium is possible over a considerable 
interval of temperature. In general, therefore, a solution 
of u pitir of iHomerH near the transition point would behave 
* tautomcrtc. 

Hen* we may itd<l the remark that the phenomenon of 
tautotucrism, like uny other depending ( >u atomic move- 
incuts, must vanish at the absolute zero. This, however, 
is only in accordance with the- known fact that tautomcrism 
dors not occur in the solid state. Ijmg heforu tht.^ absolute 
Zri'n nil (.nutomene compounds would IKJCOIUO solid. 

1 Kiuirr, /11 l-ltr. 30,9389* 
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III. MOLECULAR GROUPING 

(Polymorphism) 

WHILST polymerism is explained as difference in molecular 
weight, and isomerism in molecular structures, there remains 
a third difference in properties to account for, which is 
characterized by the fact that it disappears on conversion 
into the amorphous, i.e. liquid or gaseous state, conse- 
quently on fusion, evaporation, or solution. As example 
maybe mentioned the rhombic and monosymmetric forms 
of sulphur, with regard to which it has lately been shown x 
that they form the same molecules S 8 on going into 
solution ; along with these are to be placed the various 
crystallized modifications of ammonium nitrate, &c., studied 
by Lehmann; and finally the numerous polymorphic 
minerals, such as calcite and aragonite. 

It is natural to refer these differences to variation in 
molecular grouping, since when the grouping ceases and 
the substance passes into the amorphous state, the differ- 
ences vanish. For that reason polymorphism is most 
analogous to the physical change of state on melting or 
freezing; it is well known that a molecular orientation 
is then destroyed or created, whilst in a polymorphic 
transition one orientation appears at the expense of another. 
And so, if we are to distinguish between physical and 
chemical isomerism, it is convenient to regard polymorphism 
as physical isomerism, and polymerism and isomerism as 
chemical, since they in common rest on a change within 

1 Aronstein and Meihuizen (see p. 60). 
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the molecule. Tho won! nllotropy may then bo retained 
for the phononiona of isomerism in the elements, whether 
they are to bo ehnnieteraed us polymerism, like ozone (C) n ) 
and oxygen (<X,),<*t" polymorphism, like rhuiuhic and mono- 
symmetric sulphur. 

The < T em v ral rowurk may be added that, as was explained 
earlier (p. Ha), tho phenomena of polymerlsm and iHomermm 
are rare in tin* inorganic, province, awl the differeneeH 
accompanying similarity of composition thon^ met witli 
are almost (nitirely to he referred to polynierism. It is 
remarkable that, the tenacity with which organic eom- 
pounclH retain it molecular strueturt* which is, nevertheless, 
not that ot* equilibrium, n propt^'ty mostly wanting in 
inoro-anic cotnpoutHls, is replaced by tenacious retention 
of molecular ^nmping. f l\vo pointn of view are, advan- 
ta^eoxiH for <*onipli'ie treattnint.. Firsts \vt v will bring 
forward the laws of transition in polymorphic, substances. 
Secondly, wo. may HseUKs the- details of molecular 



i. LAAVB HKUUI.ATINU THK M'tmuL tJoNviaisiON OF 

POi.YMOKl'HU! 



These lawn 10113* ' H * <l<*lw<*<^l fnnn tlio two Facts that the 
polymorphic HubHtn-woH are solidn of similar (Composition, 
and that on puHsin# over into vapour, solution, or tlie 
fused state, t!m ilillereuea l.H3twee!i the two modifications 
disappears. 

We have, however, in the following discussion, to bear 
in mind tho conditions of tHjuilibriinn, that mutual eon- 
version of tho. two inodificationH, especially in the. ease of 
polymorphic miwrnK wteh an calcite and ara,gonit( k , doen 
not occur; we haves tht*refore to <leal in one of the two 
cases, with a niati* of apparent equilibrium (Part I, p. 236) 
which in not destroyed even by contact with tho other 
modification, and is not to be referred to an extremely 
slow transition. It in natural to associate, this rigidity 
with the relatively great ha'rdnean of the minerals. 
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Let us now put together the chief results with regard 
[ to mutual conversion ; these refer firstly to cases of poly- 

morphism in which a conversion takes place slowly in one 
direction or the other, due to contact with the other modi- 
fication. In these cases we may clearly describe one 
modification as stable, the other as meta-stable. 

A. The Stable Modification must have the Smaller 
Vapour Pressure and the Smaller Solubility - 

The necessity of this rule follows because only in this 
f case would a change from the meta-stable to the stable 

phase necessarily occur by means of the vapour, or on 
t contact with a solvent by means of it. If the reverse 

I i condition of solubility held, the transition would take 

\ place in the reverse direction on suitable application of 

: a solvent; the direct conversion would then allow of a 

possible cyclic process that would be equivalent to a per- 
petual motion. A direct confirmation of the greater solu- 
bility of the meta-stable variety has been given in the 

" . case of magnesium- chloride octohydrate *, of which the 

saturated solutions possess the following composition : 

MgCl 2 . 8H 2 O a (stable) MgCl 2 . 11-43 H 2 O (-16 8) 

MgCI 2 . 8H 2 (meta-stable) MgCL 2 .11-04 H.^0 (-16-8) 

B. The Stable Modification must have the Higher 
Melting Point. 

; In Fig. 35 the saturation pressure P of the two modi- 

fications I and II is represented as a function of the 
temperature, and I possessing the higher pressure is con- 
* sequently the meta-stable phase. If now we draw a third 

I curve, III, representing the vapour pressure of the liquid 

; substance, the points of intersection, A and B, with I and II 

, obviously represent the melting points of the two forms, 

and, as may be seen, A, the melting point of the meta- 

1 Van 't Hoff, Meyerh offer, Zeitschr.f. Phys. Chem. 27. 87. 
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stuMe form, refers to the lower temperature. Thus, 
e. y, lny,ophenone in the ntahle Form melts at 48, in the 
meta-stalle ufc 36, 



C. Possibility of a Transition Temperature. 

As in nil condensed systems, if a transition takes place 
Between polymorphic modifications it must he carried out 
completely at one temperature. 
Hit* direction in which it takes 
place, mity, however, depend 
on temperature, as nuty he 
seen from the vapour pressure 
curves. If the curves 1 and 
II for this two modifications 
shw it point of intersection 
A ( V\g. l**) t then helow the 
temperature *r,\ correspond injj; 
in it the modification to 
which II refers will he formed 
from the other: ithove that tempe.rature the state of 
tiling* in revered, and oonmujuently on panning that point 




T 



. 25. 





Fig, 37. 

ii tntnt eonverHion taken place, as in the case with 
rbotiit.tf sulphur at 95-6, when it in converted into mono- 
.yiiititelrie, Uhiiiiiiin has proposed to call phases such 



J3 6 MOLECULAR GROUPING 

as those of sulphur, for which there is a transition tem- 
perature, enantiotropic ; the others, for which the reaction- 
will go in one sense only, such as benzoplienone, mono- 
tropic. The latter phenomenon may obvioxisly result from 
the transition point lying above the melting points of 
both modifications; thus Fig. 27 represents enantiotropy, 
Fig. 25 monotropy; in each figure cxirvos I and II refer 
to the vapour pressure of the two solid phases, III to that 
of the liquid. 



D. When there is a Transition Temperature, the Modi- 
fication stable at Low Temperatures is formed from 
the other with Evolution of Heat. 

The relations of vapour pressure, as shown in Fig. a6, 
give this conclusion at once, with the aid of the second law, 
in the form 



Here Fis the increase of volume on evaporation, i.e. prac- 
tically the volume of the vapour; at tho transition point 
this is the same for the two modifications, since they have 
the same vapour pressure. Further, an the figure shows : 

dP u 



where II is the modification stable at low temperatures ; 
therefore 

q n > </i or q n q t = li 
is positive. 

But now, since q n arid q l are the latent heats of evapo- 
ration of the stable and rneta-stable forms respectively, 
q u q l is the heat evolved on formation of tho former 
from the latter; consequently tho form stable at low tem- 
peratures is produced from the other with evolution 
of heat. 

This law is very well illustrated by the researches of 
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iU*ilati nnd HninaiU'si* on aninioniuui nitrate, 1 . This snb- 
staittM* fri*t'7,rs at 168'' in tlu k n^xilnr Hysttnn ; becomes 
r!iutilnilii'ilrir at 1^4", with an evolution of iiS6 calories 
}*r kiloyraui ; at Hz5 htroimss rhombic, with an evolution 
of ;v t | t | raltrit*s; and at 31 rhombic with a different axial 
ratio* with **volutiuit of 5*02 calories. 



E. Polymorphic Modifications have a Constant Ratio of 
BoiubilitiOH, proportional to the Differential Co- 
oltUnonti* of the Saturation Pressures, in Solvents 
which take up so little of the Substance, that the 

Lawn of Dilute Solutions are applicable. 

This relation FullwvH from tin* t*quation (Part I, p. 36) . 

i/if/_ Q " 

1/71 '^ . 

m'lik'li tmitvs tin* oiai(Htttratnn <f th< solution or vapour 
with th* hritt tj ftbHorl k d \vhn oiu k kilogram-molecule is 
iliwulvnl cir fvajrutMl (without doing external work). 

F*tr tin* two jtolymorphie bodit*H we have 



ami 

t ir ~ 
,/r " ~ 

whi'iv It i thi- hi-nt iif tmiisition. 
I, thin given: 

/ i ,''"- r Wi/r 



Th* ctnthtaiti IH 

) p. 159. 



fi 
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temperature P the concentrations (7i , C n are equal, so that 
. C u [''JUT 

lo e?,=Jr Vr- 

Here, however, the second term is a quantity independent 
of the solvent, depending only on the heat of transition It, 
and which, therefore, remains unaltered even if (.',, (' u refer 
to vapour, so that their ratio i,s that of the saturation 
pressures. 

This law, which might easily bo proved for, say, ealcitc 
and aragonite, or for the sulphur modifications, retains 
a certain applicability even to isomers more widely 
separated, which do not become identical on solution. 
Carnelley and Thomas 1 found for isomerie houxene 
derivatives (para- and meta-nitraniline) the following two 
empirical laws :- 

j. Of isomerie compounds, that with the lower melting 
point has the greater solubility. 

a. The ratio of solubilities is independent of the solvent. 

The latter rule corresponds literally with our conclusion 
as applied to solutions. The former equally corresponds 
to the fact of higher vapour pressure, shown above to 
accompany lower melting point and greater solubility. 

As is to be expected, however, the. rule thus found i not 
xmiversal, since it does not apply to polymorphic bodies, 
and so Walker and Wood 2 found, e.g. for ortho, imta-,aml 
para-oxybenzoic acid in water and benxone, the following 
solubilities: 











Ortho 


Mftftl 




Ortho 


Mt'tM 


Pftrct 














Meta 


rant 


Water . . 


. . 0-364 


t-337 


0-765 


0-197 


x-75 


Benzene . 


. . 0.97 


o-o J a i 


0-0053 


So-a 


a-33 



s. ACTUAL MOLECULAR AIUIANCIKHENTS. 

The answer to the question as to molecular arrangement 
involves two essentially distinct problems, one with regard 
to the relative position of molecule and molecule, the other 

1 Journ. Chem. Soc. Trans. 1888, p. 782. a L e. 1898, p, 618. 



CRYSTALLOGRAPHY 



139 



as to the orientation o the molecule in its surroundings. 
Let us take as a definite example the oxide of magnesium, 
periclase (MgO), whose molecules are to be thought of in 
a determinate arrangement, belonging to the regular 
system. Then we may ask whether the line joining an 
atom of magnesium and one of oxygen is parallel to one of 
the axes of the regular system, or perhaps corresponds to 
the direction of an octahedral edge, &c. 

The two problems are treated separately in what follows, 



A. Relative position of molecule centres in the crystalline 
;ure. 

B. Orientation of the molecules in the crystal. 



figure. 



A. Relative Position of Molecule Centres in the 
Crystalline Figure. 

i. The Fundamental Law of Geometrical Crystallography 1 
(F. d Neumann). 

Observation shows that normally grown crystals have 
the form of polyhedra, whose flat bounding faces cut each 
other at definite an- 
gles, while the area 
of the faces depends 
on accidental circum- 
stances. The crystal- 
line form of a body is 
therefore determined 
1 >y the angles, i. e. by 
the relative position 
of the faces by which 
it is bounded. With 
regard to this position, 




Fig. 28. 



however, observation 
shows further that 
not every possibility is found, but that the form of 
1 Groth, Physikalische Krystallographie, 3rd ed. Leipzig, 1894. 
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a crystalline polyhedron follows. the law usually known a* 
the 'law of rational indiees,* 

Thin law states that any possible plain- in a ery.stal ran 
be determined by means of four plan*-*, u* thtvi* *f whirh 
are pantile!: in what wity is l*est sh*wu in Fi^, .:<S 
hy drawing three of the plan*'* aUut tin* {4iil o, vi/,. 
XOY, vox, xox.aiid tin 1 fnurth us AJU*. Th' jM*Ntiin tf it tifili 
plaru% nay A'I/C', is romlitieweil l*y tin* fat't tliat tht* rntii* 
of the no-called imlirrM 

i\\* on' ii**' 

OA Oil IH' 

ean only IH^ {jiven ly whole iiiittit*r.H t ^nr!i as 
w : i* : /* HHV * J " ,'i 

or can only be rational. 

IiHleHcribinjj a (rystnlltui form thnvfoiv, it i .^utlieii'nt 
to give the anjjlen ntiuU* by u mutabli' ynaij* tif Cntir plutn-s : 

XOY - , XOX ss |i Yt>\- A', y. 

UH axial an^le.% and the mtio 

CIA : fin : <H* '-- it : /i : ** 

as axial (listaneeH, HO that the whole **ry*4ii! in lit^inni by 
nu^auH of five elements, 



2* Attfitnjit tit Ks/dttntttinit **f thr tfnnnrtrintt Ltit*' /*/ 
t of J/i/rri!/r ('win* (Krnnkrttlnafit, l 



A very mmpUt com*ejt5ou t jrobntle nlmi un otb^r y 
to be* explained later, #5ves n |ilati^ibli tiicjiiiiu^; t tltr 

above geontetricml law. Thin eoustHt.^ in tip* 11,^11111 j*t.iuii ot % 
a regular arranj{utMnt of tin* rry.stidliiie rniin^, tiiirli that 

they are alike ami ptiniHrl tiiroiiylmut thr rry^tnl, A^ 
previously the position of ft.nir iioujinmttfi jihiiii'H MUlteed 
for the c'ntire Htmt'turo, HO lii s ri* the )H^itiun *f fuur 
molecule ceritreH, t, a, ;| 4 (1%, ij) not lying tm mn* jihim*, 

The axial angles thett eciriVHjiciiiii tu tin* iiifglf.H IH^I. \vrru 
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if, A, nnt r, the nxtiil distances to the lengths of , &, and c. 
The condition llmt the arrangement round, e.g., point 4 
.should l* similar and parallel to that 

round i U sati*tird hy chousing the point 5 *.. 

in a dhvction nud distance from a parallel /j 

and i*ijuiii to /A In the same way 6, 7, 
mid S nri arrived at, and HO an elementary 

p,'it';illi'I**|ttpiit euttsplrted. HUH may then 
l*i- dr\*<l*f|M*d into it regular point system 

Pig. jk i Iy e\t*nding the line a to an 
rjUfil *'\tnt t ulititin a new point, and 

I* utt, Stieli mi arrnngetttettt of molecule 
i*i*iiit'* ttonld rt*prtdiice the relations of a crystalline 



7 A 



C f ,i!>8 



Fig. 29. 



If, nu, lli** iHtttttdiug faces of tin* crystal are planes in 
uhirh m*l*eul* erutr'M art* confain*d, they may pass either 

flitittf^h ,, j, 4 iir thrtiugh i, i, 3 or through, i, 2, 4 or 
titr<'U"hi 1,4, With any other 

lt M,. 'iint'i* eueli index cor- 
rr'|M>fn|^ fti it r*t\v of 

itHriiii 1 * fiuiti t with it * 

tiiiiiil r ui 4r(tM lief wi*i*ii them. 

; |, llrttiiniHH iif St/tnntHrt/ 

Jii^f us it crystal in nut cup- 
iiitli' uf ii^itnniitg any form, 
MI tiit* ivhititiHs tif hynuuetry 
*f !.)** funits are restrict*'* I, 
iiinl fnuu flit* iiltiive fundamental law of geometrical 
ervMallogruphv fl'*ssel untl (iadoliu <le<lncH*cl all the* 
actually ul*Nir\ed rrlatius. We ennnot, give the deduction 
hrn* in full-, i'tif if tuny I shown how the law of rational 

1 iliMtli, I ^ '/if' . / htjM**jwvhici 3i'tl i'tl., 1894, p. 1148. 

3 iini, f i i. J'. 411. 




Fig. 30. 
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indices restricts the possibilities of symmetry. In the first 
place, by reference 1 ! to Fig. 28 \ve see that there need IK* no 
symmetry at all, in which case we have the unsymwetrie 
(trielmic) system. 

One plane of symmetry may be present, but it is limited 
as to position; if e.g. it passes through xox, then the 
plane symmetrical to ABM would have rational indices 
with respect to ox and OH, but not in general with respect 
to ov; it is therefore a subsidiary condition that ov 
should be perpendicular to the plane of xox. These are 
the conditions for the non-symmetric; system. 

One axis of symmetry may be present, i.e. a line such 
that rotation about it through an tingle less than 560 
brings the crystal into a position identieal with its 
original position. If e.g. the axis occupies the position 
ox (Fig. &H), the law of rational indices is satisfied when 
XOY = 90 and OA = on; such axes are, therefore, for the 
same reason, subjected t.'> certain conditions; they can 
only be double,, triple, quadruple, or sextuple, i.e. the Form 
may recover its original position on rotation through iHo\ 
120, 90, or 60, i.e. two, three, four, or six, limes in 
a circle. These are the conditions for the, rhombic, 
trigonal, tetragonal, and hexagonal, systems. 

A third possibility is that the, crystal on rotation comes 
into a position symmetrical to its original position ; it. 
is then said to have an axis and. plane of compound 
symmetry. 

In this way, taking into account the law of rational 
indices, thirty-two classes, exactly corresponding to the 
facts, are arrived at; and the.se uru grouped in the seven 
crystalline By stems : 
1. Triclinic system. 

1. Holohedry. Example: calcium thiosulphato (('aS.,O., 
.6H/)). 

2. Hemihedry: one doubles axis and one plane of com- 
pound symmetry at right angles to it. Example: d!-mouo- 
strontium tartrate (Sr^HjO^. alLO). 
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I 1, Monoriinir systrm. 

i, Hrmiiuorphy : one douhlr. axis of symmetry. Ex- 
amplr: ranr sujjar ((\ ,II,J) U ). 

i, H*utihrdry: out* plam* of symmetry. Example: 
potnssiuui trtrathionat* 1 (K. ,S 4 O |5 ). 

j. Il(lohrdry : <ur plant* of symmetry and a double axis 
of sytuuirtry at ri^ht uujl*\s to it Example: sulphur (S 8 ). 

III. Uhmultir Hystrm. 

i, llrtuih**dry : three <loulU axt\s of symmetry at right. 



', Hi*iit!iiiH.rj.iliy : out* fltailih* axis and two planoH parallel 
t> it HIP! nt 1'i^lt! nit^!tH to out* another, Example: Htntvite 
(MXH 4 l l o | .ftH a O). 

|, Holulifdry : tlirci' plants of syniuH'try at ri^ht angles, 
itinl tlitvt' doultli* axrs of syuauctiy at ri^ht ati^les. 
Kxuntpli* : sulphur (SJ, 

IV, IVtrii^iiiiiil sysliMu (oui cjuadruj)I(i axis). 
i, Sjili^itttittit* trtariohinlry : une plnut k of compouiul 
symtuHry iii ri^ht au^l*s to the, quadruple axi. Not, 
i-t art unity <lis*r\v|, 

pliie Iti'inihedry, Kxamplc : wulfenite, 



j 

|, S|th'tiojf!i<! lifiiiiiiinlry. AH in elaas i; In addition, 
ttvi* iliulli' nxi's nf 8yiiimi*trvub ri^ht anjfliwtoono another 

in tltr |iiain* f r*!iiptnniI .symmetry, an<l two planen of 
wyiiinii-try whu-h cut in t!u tjuiulruphs axin and bisect the 

ititflfM iif tht* ttfmili uM*s. Kxnmplu: (C'uFeSJ. 

4, 1Vit[ir7,tilt^lrii* iti'iJiitieilry : four double^ axtH in the* 
ir iii riylit IUI^I^H ti> thr quadruple axis, Example: 



5. iVriiiiilttnl lii*mtiu*tlry: one plane of Hyintnotry at 
to t!it fjiuntniph'. ax in. Example: Hcheelito 



. iii* hulolulry: four planen of symmetry 

ruttliig nut* ftiiothiT in th quadruple axis. Example : silver 



irwjr. - 

7. Huluheitry: in addition to the above, four double 
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axes of symmetry and one plane of symmetry, all at right 
angles to the quadruple axis. Example : tinstone (Sn0 2 ). 

V. Trigonal system (triple axis of symmetry). 

1. Hemimorphic tetartohedry. Example: sodium per- 
iodate(NaI0 4 .3H 2 0). 

2. Rhombohedric tetartohedry: the triple axis is also 
the sextuple axis of compound symmetry. Example: 
dioptase (CuH 2 SiO 4 ). 

3. Trapezohedric tetartohedry: three double axes in a 
plane at right angles to the triple axis. Example : quartz 

(sicg. 

4. Bipyramidal tetartohedry: a plane of symmetry at 
right angles to the triple axis. Not yet actually observed. 

5. Hemimorphic hemihedry: three planes of symmetry, 
cutting one another in the triple axis. Example : tourmaline. 

6. Ehombohedric hemihedry: besides the foregoing, 
three double axes of symmetry in the plane at right angles 
to the triple axis. Example : corundum (Al 2 a ). 

7. Bipyramidal hemihedry : like No. 5, but in addition 
a plane of symmetry and six double axes of symmetry, 
all at right angles to the triple axis. Not yet actually 
observed. 

VI. Hexagonal system (sextuple axis of symmetry). 

1. Hemimorphic hemihedry. Example : nepheline 
(Na 8 Al 8 Si 9 3 J. 

2. Trapezohedric hemihedry : six double axes in a plane 
at right angles to the sextuple axis. Example : antimonyl- 
baric tartrate + potassium nitrate ((C 4 H 4 G SbO) 2 Ba . KN0 3 ). 

3. Pyramidal hemihedry: one plane of symmetry at 
right angles to the sextuple axis. Example : chlorapatite 
(Ca s Cl(P0 4 ) s ). 

4. Hexagonal hemimorphy: six planes of symmetry 
cutting one another in the sextuple axis. Example : silver 
iodide (Agl). 

5. Holohedry : like No. 4, but in addition one plane of sym- 
metry and six double axes of symmetry, all at right angles 
to the sextuple axis. Example : beryl (AyBe 3 (SiOJJ. 
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VII. Gulneal system. 

1. Tetartohedry : three equal rectangular double axes 
of Hymmutry, and Four equal triple axes equally inclined to 
the double axw. Example: sodium chlorate (NaC10 8 ). 

2. Plagihodrie hemihedry: three equal rectangular 
quadruple ax*H of symmetry, four triple axes as in the 
preceding, and MX double axen bisecting the angles between 
the quadruple axun. Example: cuprite (Cu.X)). 

3. Pentagonal heniihedty; an in No. i, but in addition 
three pitmen of Hymmutry at right angles to the double 
axtm. Kxampli^: pyritt'H (PeS^,). 

4* Totraluulrie Iumihtdry : planeH of symmetry as in 
No. 3 hut in mldttion nix planes which bisect the angles 
lH*twttu ilw formtr ptanon. 

5* Ilololu.nlry : thrw *tjual ri?ctangular (juadniple axes 
of Hytnmitry, four triplt* ami six double axes an before, in 
addition nil the planes of nymmetry of clasHew 3 and 4. 
Example: galena iJ^S). 



T!w Hpeei*H <if regular gratingn in spaee arrived at by 
Bravaia intd Frfiiikvidieiiti, mi tlm anHumption of an equal 
mid pttrtiltet urrmtgi'tuotit tlutmghout the crytal, satisfy 
tht'i law of rntunul intHcen, but do not allow of obtaining 
all the thirty-two of fonmt described above ; they 

lend ind( k eci to seven HynU^mH, but only to fourteen classes 1 . 

In the y*ar 1871) iSotvneke 3 extended thin conception by 
the n^Mtricttttg condition involved in it, that the 
ent round em*h iiioletnile in the crystal is not only 
Htmilur, hut pantllel Tlu* lafcter IH not nocoHHiiry with 
n*garl tt flu* itet-ual ol*ervutionH ou crystals; or rather it 
IH definitely not always the earn?. The olwervation of 
ItiUitiihiitter on eidettt% for cxamplf), in conchiHivo on this 
|K>tnt. Hitee it jirtMinatic cleavage block (Fig. 31) firmly 



iwt. Ann. i67, i$a. 75, 
rinrr (fa XryttobtruMur, 

E 



I4 6 MOLECULAR 

with an obtuse edge horizontal ij^t hy tit ting it into a 
corresponding eut in a loard}, so that the long diagonal v 
of the right end-face cdef is also horizontal, put th hlade 
of a knife at a at right angles to tin* upp**r *dg, and press 
it gradually into tip* orystat ; then 
f . i? tht part of the crystal to flu* rtglit of 
i the knife will !>* drfortued in stich 
,. , / I** a way that \vhi*n tip* kniiV ri'iirl**H tltr 
\i middle i*dg* it will huv* iiHSunn*d *x* 
. l itetly the form of tut ojjiiNitt*!y|ilitrid 




111** jiitrt uf Ihr 

ft^ipyiji^ the nt-w {Htsitiun is 
, l*til has ifn phuir f rh*itvnji 
parallel to eft/ inntetut of ml IIM fonitt*rly. 

Tnkinjj into ntTount thi jtossihility r*f uu itri"iiii^*iiiritt 
which in Himtiiir rcntni! eiieh mtt!i*eitli% ltit not piiriillrl, 
Sohtieke arrived nt o,^ regular p**tnl Nyhtrtns |t'^triitii*tl 
hy SchonilicH an<l Kttlorow to Jtjo) \vhit*h it* g^n^rnl ron*ist 
of Heveral <ongnunt iitti*rlnrint .%piitinl 'gniting.**/ Thry 
fall, ncconling to thi*ir Hyiiutietry, into m-vi'tt My.*itftMs t Uki* 
the Hputial gratingH, and yl*4tl t'sciirlly tin* \i rlii^ii*n of 
poHHihle eryHtiillogniphle forttiH givtn ly th 
law of giH.iii*tric*iil eryHtaUogrrtjihy ', 



5. The Fwuluineuttil Law of l*lty#n<*d Gry 



If Sohneku*H theciry 
geoinetrieal rtjlatioimhifw of cryHtU, it ullowH, ott lln^ ulhrr, 
an attempt at t*x(lunntion of thftr jiliy^itvt! i!*liHVtour, 

Syiiuuotry of exteriinl form it* rrfrrivd t llmt uf tli^ 
internal Htructurt% and ^xpluutH nt mirt* why ^yttitiu*irv 
of phymcal propertieH Cf>i!u*id*M with Iliitt of thr r\t*nml 

form, which, it in wctll known, In iln* rtntt.*ttt f lite futula* 
mental law of phyHteal erystiillognipliy, 
Take, at* examphs thu hiinlniw of nvk Thin 



y |ijt, a 7 7. 



MOLECULAR COMPOUNDS 147 

three equal minima in the direction of the axes (edges of 
the cube) ami tour equal maxima at right angles to the 
octahedral faces; the figure which represents the hardness 
in all directions round a point by radii proportional to it 

has the symmetry of the culm form, i.e. three planes of 

symmetry at right angles to otic another, and six others 
which pass through the linen of intersection and bisect the 
angles between the first three planes. 



6, Mol 

A concluding remark may be appended here. The pos- 
sibility of measuring molecular weights, due to the theory 
of solutions, leads to the conclusion that the molecules are 
usually of flit* smallest sixe that is in agreement with the 
chemical data, lu crystals, too, so far as the theory of 
solid solutions (p. 70) has been applied, no higher molecular 
4 % omplexes seem to occur. By the Hide of thin the fact 
appears somewhat surprising that in hydrates, e.g. Na 2 S() 4 
. ioH.,0, molecnlcH are found possessing a high degree of 
complexity. Them* seem, however, restricted to the solid 
ntate, and certainly highly complex liquid molecules have 
not been fount! to exint; on the contrary, everything points 
to Mich hydrates breaking down in solution. The inter- 
laced spatial jjratingH of Mohneke's point systems allow 
ii conception of such hydi'utcs, acconling to which the 
liffir*nt molecules would belong to different gratings. It 
in itnportunt fttr HUH vtc.nv that noinc aucli hydrates can 
IOHII thi*ir water of cryHtallixation without destruction of 
the crystalline form* ulthoujfh their intenial physical 
propertif*n are ohangil ; they take up water again on being 
placed in their former conditionK. Mallard 1 and Klein * 
tttmerved ttiin pheiumu*non with certain aqueous silicates, 
this 7*eolithH. Lately the wune thing has IKJCU observed by 

s llwll, tit In *s*or. mineral* tie Pranm t 5. ^55* 

ii^n'p, 9, 38. 
K ft 
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Tammann 1 with platinum double cyanides, whose com- 
position can vary between MgPtC 4 N 4 6-25 and 6-8H 2 O 
without loss of crystalline form. 



B. Orientation of the Molecules in the Crystal. 

j. Relations bet^veen Symmetry in the Crystal 
and in the Molecule. 

Since the application of the methods for determining 
molecular weights to solids (p. 70) has made it highly pro- 
bable that the solid state is not characterized by the con- 
dition of complex molecules, the way is open to bring the 
configuration of molecules, as already developed (p. 90), 
into relation with crystalline form, and especially with the 
arrangement of molecules in regular point systems (p. 141) 
which give a plausible molecular-mechanical explanation 
of that form. 

We may first mention what, of such researches, refers 
to the relations of symmetry in the molecule and in tho 
crystalline structure. The leading result is tho necessary 
conclusion pointed out by Pasteur, that a whole made up 
of similar asymmetric molecules cannot possess Hymmetry. 
What in his time could not be sharply formulated lias since 
the development of stereochemistry become immediately 
clear 2 . Consider as unsymmetrical grouping such as one 
assumes on presence of an asymmetric carbon atom, a g, in 
ammonium bimalate : 

COOHCH 2 CHOHCOONH 4 , 

in which the four different atomic complexes or atoms, 
COOHCH 2 , H, OH, COONH 4 , are thought of UH in totra- 
hedral arrangement round the carbon atom distinguished 
by underlining (Fig. 16, p. 105); a regular arrangement of 

1 Buxhoevden and Tammaxm, Zeitschr.f. anorg. Chem. 1897, p. 319 ; 
Wwd. Ann. 1897, p. 16. See also Rinne, News Jahrb. Mineral. 1899, 1, p. i ; 
Joaimis, Comptes Rend. 109. 965, no. 238. 

2 Becke, Mn. u.petrogr. Mitteilungm wn Tschermak, 10. 414, ia, 256. 
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such figures can never lead to a symmetrical whole. So 
tin* crystalline, form t<x> of thin wilt in a rhombic form 
made unsymmctrie hy the presence of the semi-pyramids, 
in front, aU>\v on tho left, below on the right; behind, 
nbove on the right. below on the left. Though the external 
form in Huch canes doea not always show the absence of 
internal Hymmetry, other indications of the asymmetry are 
|trf % Httt an erosion figures *. 

If the molecule in symmetrical, still the arrangement in 
tho crystal may lead to an nnaymmotrical whole, as is the 
t*iiH e.jjf,, with quart'/; (Hit).,), 
whose molecular constitxition is 
symmetrical, as appears from 
its f riatomicity, as well as from 
its inactivity in the fused state. 
fttst fur thin rune, Sohncko 2 
worked out a crystalline, struc- 
ture f hut gives tut account of the. 
fimntiomorphic and therefore asymmetric reflected image 
forms of |uart/.,and tho opposite and equal optical activity 
iiHhrint'd with them. AHHUIUW first three spatial gratings, 
tit which the jiarticltHar arrangi'd 
uccoiiiing to the trigonal prism 
(Kij*;, ;|^) int^rliia^d an in Fig. 33, 
tu which they iuv projected on 
tin* IIIIHI* of the prism; point i 
r*ijttircH u rotatitm of 120 about 
mi axis {inking normally through 
tlip ri*ntre of the triatigla i a, 3, and 
it fltHjitiiriiiii*!il lilting thu latter, 
In coinn into tin* position of point a; 
flu* Intt^r, a minilar ncnnv move- 
ment , t ! m^ 3 ; f huilly , a rqwtition of tho movement gives 
ii fourth iwiint, wlwiHw projection, however, coincides with 
tlsui of t. If then we draw a circle through the projections 

$ flit* iil#intiin Tni!* Wnltlon, JterJ. Btr, 09, i 

* Cirtitti, 3E%4i F a ^- 
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i, 2, 3, and on it, as base, erect a cylinder at right angles to 
the plane of projection, it is plain that the particles will lie 
on its surface in spiral order, which is right-handed (like 
a corkscrew) when 3 is twice as far above the plane of i 
as a is, but left-handed when 3 is twice as far below that 
plane as a is. The spirals show these opposite senses 
whether looked at from above or below ; such a right- and 
left-handed spiral can in no way be made to coincide, for 
one is the reflected image of the other, and they are 
therefore called enantiomorphic. 

Finally, symmetry, if it exists in the molecule, may be 
raised by the crystal 1 . Two tetragonal pyramids, placed 
symmetrically on the same base, if they have the form of 
half octahedra, become an octahedron and so possess the 
symmetry of the regular system with nine planes of 
symmetry, while the individual molecules have only four. 

The symmetry present in the molecule may therefore be 
either raised or lowered by arrangement in the crystal ; for 
a greater number of compounds in which the opposing 
influences, tending to raise and lower the symmetry, partly 
neutralize, the remark of Buys-Ballot holds that the simpler 
the composition, and consequently greater the symmetry 
of the molecule, the greater the symmetry of the crystal 
The following table 2 allows of forming an opinion on this 
point : 

Composition Elements Diatonic Triatonic Tetratonic 

No. of bodies 40 67 63 20 



Kegular .... 
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Hhombic .... 
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Triclinic .... 
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Mean Symmetry .... 8.4 7.9 6-a 4*7 

As an expression of the entire condition, we have chosen 
the mean symmetry, obtained by multiplying each percen- 

1 See, among others, Barlow, Zeitschr.f. Kryst. 1898. 

2 Zeitschr.f. Phys. Chem. 14. i, 548. 
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tap* ly tlit* number of pianos of symmetry corresponding, 
vix. o, ; % ^, -5, i, o, and dividing the mini of these products 
by ico. Like all statistical relations this has the disad- 
vantage that the upplioatioa to particular cases often fails. 

a. Inilurmv. nfVltttngt* in the Molecule on the 
Cri/xtttll i n e Form . 

lit the preevdmj^ attention was paid to the direct relation 
between symmetry or the want of it in the molecule and 
tin' eryHtal. A seeond lino of research is that of the 
iniluenet* which changes in the molecule exert on corre- 
K|KWling ehauges of form. Ltt UH take first the smallest 
flump's \vh it'h nhciw thomsclvt^ in tlu^ orientation or 
ivlutiv** poHttiuu in tht moh^.ult^ an polymorphism, while 
tin 4 tnuttruit* its a wholt* nmains tlu^ same. Here we have 
rh'urly u jii*int of i|t*jartnrt* in jud^in^; of th<3 relations 
lu'twtM'U {tifl(t'utar conii^nration and crystallino structure, 
sitit*r Ihi^ sunu* rontt^nration is associated with two different 
ti^uiTM, *t1n tjhs*rvaiionH oolW.tod on this subject are, 
h*wi*vtr, H i far of a jmivly ctupiriail character, and amount 
It i nt* ition* than tht important remark that, when the 
rry.Htiilliiit* IVtrm of a polyntoriihic substonco changes, there 
is tiftftt it Mirikiii^ <*t{iiality in the angular and axial 
tvtHtioittt to In* notinl l . Ltt us consider examples. 

i l ntii*.'uum uitrntt*, pt)tassium sulphate^ and calcium 
i*!ifiiiniiii.% which can all take hexagonal form, i.e. with 
flit* iingle 6o tt , nhow in their possible rhombic forms prism 
wi#l'* not, very diflereiit from 6o actually 60 36', 59 36', 
Hint fif 44 in the thret* cases. 

jliinit* <*cipper nitrate. t.)u.,(()H) u N(.) a , which is found in 
rhtiinbic ftnu with the nxial ratio 

ir ; b : c = 0*9217 : I : 1-1562, 
k converted into u mowxrlinie form with almost the same 

rut in, 

//:/>: r =s 0-919 : I : 1-1402, 

1 Ar/rmii'* ctIlt'timt in CJntham-Otto, 1893; 74, 
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and an axial angle not very far from 90 : 

/3 = 9433'- 

Finally the silicate, H 2 Mg 19 Si 8 84 F 4 , is found as humite 

(rhombic) : 

a : I : c = 1-0803 : I : 4-4013, 

as chondrodite (monoclinic) : 

a : I : c = 1-0803 : j : 3-1438 = 90, 

and as clinohumite (monoclinic) : 

a : b : c = 1-0803 : i : 5-6588 = 90. 

This equality of form on change of structure would 
perhaps come out more strikingly if the comparison of 
angles and lengths were made, not at the ordinary tempera- 
txire, but at the transition point, since then the two forms 
have just the same stability, a fact which may be due to 
mechanical causes. In any case it is to be remarked that 
this relation between the two forms is associated with the 
possibility of a transition without upsetting the internal 
connexions of the substance. Thus, e. g., boracite passes at 
266 into the regular form without any loss of transparency, 
but only with a sudden change of optical properties, 
becoming singly refracting. 

Isorneric change constitutes a deeper modification in the 
molecule. Accordingly, the accompanying change mostly 
complete in the symmetry of the molectile corresponds to 
a complete change in molecular structure, without any 
relations that have so far been traced. In one case, 
however, the circumstances are different, viz. in that of 
stereo-isomers with an asymmetric carbon atom. The two 
isomers here present, as we have seen, a difference of con- 
figuration shown in Figs. 16 and 17 (p. 105), and known an 
enantiomorphic. A completely analogous enantiomorphic 
difference is found in the crystalline form, as is shown in 
Fig. 1 8 and 19 (p. 106), for the oppositely active ammonium 
"bimalates. 
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On passage from the active compounds to the racemate, 
in which the ennnttomorphic molecules unite, the enantio- 
worphisw of crystalline structure is also destroyed, as 
a rule. In tin* cases hitherto studied the following axial 
rut it is have lieen found : 

Potassium hitartrato, KC 4 H B O e , 

Rhombic tt :/t : e = 0*7168 : i : 0-7373 

Potnwmun hiraeomato, (KC 4 H fl 6 c ) 2 , 

Triclinic </:/>:<* = 0*7053 : i : o7&5& 

ii K **r 88'" -'}6' ft rn IO2** 35 2^ V =: 87 1 6' 

SM that lit any rate two axial angles are not far from 90. 

If we have ht*re- a striking relation between the configura- 
tion nf tin* molecule and crystalline structure, it becomes 
much won* HI* tin considcrittg the phenomena of isomorphism, 
which Mitschcrlich ttrnt put in the right light. That two 
!xttlis UU* ]Hitassiu]in-nmgneHium Hulphato and rubidium- 
sulphate-, ilospite their entirely different com- 



5'*i M SuJjhr u ,, Sulphur 

M-7 * ttsyni^i 38-5 n Oxygtm 

4 |t H|iligp a Hydrogan 

nliiiitltl tlw witiic* mtmoclinic crystalline form, which, 

!itfin*ov*r, tudirntcH HII cliiMe. a similarity in internal structure 

lliitt they f*n completely homogonoous mixed crystals in 

which nut* ctttiiptrtiiwi him replaced the other, is a most con- 
ctu*i v* )iriNf tltnt ih'* iticilecnilar-meehanieal conception of the 
ritiiijiiiiiitilM, nttriitutrng t tham the analogous formulae, 

K, MK (S.) 4 ) a 6 1 [,< >, Bl^Cd (S0 4 ) a 6 H a O, 

rtntit^ very mnr to tls fm*t if only Hchcsmatically. 

It iii i!i thin gntund of itiiorj)hiHin that considerations 
In* iliwiiqwtl iillowing of a deeper insight into the 
ptrttrtttrnl nliitjiiK in erystiila 

In flu* tirnt jliu*M we munt consider the investigation 
!ty (JiiAh n Ho^alltsci mo^hotropy, i.e. email 
ttf form which are produced by change of composi- 
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tion despite prevailing isomorphism. The following measure- 
ments of Topsoe furnish an example; all the compounds 
are hexagonal : 



B,-(CH 3 ) 2 (C 2 H 5 ) 2 



E 4 =(C 3 H 7 ) 8 H 



a : c 
: 1-1075 
: r-roo2 



: 1-0855 
: 1-0512 
: 1-029 



: 1-025 
i : 1-017 
1:0-9955 

Deeper changes are observed in the following cases l : 

PtCli.zNRiCl System Axial ratio & 

B. t =(CH 3 ) 4 regular 

B 4 -(CH 3 ) 3 2 H 5 . . . . 

B 4 = (CH 3 ) 2 (C 2 H 5 ) 3 . . . tetragonal 1:1-0875 

B 4 (CH 3 ) (C 2 H 5 ) 3 ... ,, i : 1-0108 

B.t = (C 2 Hjs)4 monoclinic 0-9875 : i : 0-9348 90 46' 

Here the influence affecting the form of the crystal has 
changed its system, yet without much alteration in the 
axial ratio or angle. Here plainly we have to do with di- 
or tri-morphism, and the morphotropic action has modified 
the transition temperatures, so that, e.g., with the tetra- 
methyl derivative at the ordinary temperature the regular 
form, but with the dimethyl-diethyl derivative the tetragonal 
form, is the more stable. 

The new researches of Tutton 2 and Muthmann 3 carry us 
still further in the direction of an insight into the position 
of the molecules in a crystal. From the latter work we 
may take some results relating to the tetragonal phosphates 
and arsenates, whose isomorphism was observed by Mit- 
scherlich : 

Substance Molecular volumes a : c a c 

KH a P0 4 58-246 i : 0-6640 i 0-664 

KH a As0 4 62-822 1:0-6633 1-026 0-683 

. 64-170 1:0-7124 1-009 0-719 

. 68-842 1:0-7096 1-031 0-732 

1 Arzruni, I. c. 233. 

2 Journ. Chem. Soc. Trans. 1893. 337, 1894. 628, 1896. 344. 

3 Zeitschr.f. KnjstallographiQ 3 1894. 
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\\V SUM* From these data, first, that in Isomorphic compounds 
iiUtH|!tiitdtt!*rnirt in composition gives an equal difference in 
\uhwn', for flit* woliTular volume (molecular weight divided 
l*y flit* drusity) gi\vs : 

for As-- 1* tu tin* potassium salt , . . 4*576 
ammonium ... 4-6712 



mit 



NH 4 -~~K in the phosphate .... 5*924 



N**\t, however. utt*l this in the chief result, the axial ratio 
rritiiiiitH uimtiHt tumltert'tl tin rtplacuuu*nt of pluwphorus by 

iti^i'iiir, l*iit rhanj*s ly u conHiderahh* anu>unt on replace- 
tiit-iil uf {liitit^iiiiit ly ammonium* Let UN calculate, in 
i*rt*-r I** i*\jri'?%s thin U*hav5t^uv more precisely, this dimon- 
-atni,M tif thr ftiiifiiiiuriitid parallelopiped, keeping lor 
putiixsituu Jh*Nphutf itir values 

ii /; h - i, r = 0*664. 
'Tin- vnttutu* i th'ti J <i"V t and HO 

it -V i : 0664) ; , *r t as 58*246 : 62-822, 
ci|, r t ri,4Vr in tin* fuiidamental parallelepiped of 



jifitji'H?+fiiiii nrM'iiiiti.% Hut si 

*i t : r t - I : 0*6633, 

\vr p't 

, =K ioa6 s fj = 0-683. 

Ilit^ t'rirri'Hjifiiiiliii^ vnlut'H lor tlie other Hnlta are given 
in fltr t'nurth uiul fifth ctiluiniw of the table, It follows 
tltiil mi rrpliuvwut >t' potiiHHium by ammouiuiu, there is 
l*r*Mhitrl rs'rt-utiiilly only tin increaHe in the height c of the 
t'twtniin'uiiil jnmH*l*l*4'I iwiwmntinK to 0-055 and 0-049 
ivHj.**rti\^Iy; whUf in juiu'tiwlly unaltered, or only by 
lh- itiiiMitiif^ O'uu/ mid respectively. On the other 

!mn<(< tvptamiit'iif <f phimphorun by arsenic not only 
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increases c by 0-019 or ' OI 3> but also a by 0-026 or 0-022. 
It is then natural to assume that with the configuration 

K 



OH P OH 

II 
O 

the line passing through K O P=0 gives the direction 
of the principal axis c, so that the enlargement due to 
substitution of NH 4 for K only lengthens the principal 
axis, whereas that due to the substitution of As for P 
produces an expansion in all directions. 
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